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TTCSSYSTEM DESIGN DESCRIPTION

1 Scope of the document

The objective of this document is to describe thacker Thermal Control System (TTCS) and
the operation principles of the TTCS. Details omponents can be found in the component
specifications.

1.1 Referencedocuments

RD-1 |Combined proposal NLR-ASSP-2004-021

Development of the Tracker Thermal Control Systemissue 1

of the Alpha Magnetic Spectrometer, SYSU/NLR/INFN,

J. van Es, B. Oving, R. van Benthem, July 2004.
RD-2 |Requirements for the manufacturing and space ASR-S-001

gualification of all the pressurised weld jointslire

AMS TTCS evaporator, revision B, B. Verlaat, 2 Sept

2003
RD-3 |INASA- document “Simplified Design Options for STS3sc-2045RevA

Payloads”
RD-4 | TTCS Heater Specification AMSTR-NLR-TN-043 Issue 4.0
RD-5 HAMSO02 TTCE Interface Control Document AMSTR-NLR-TN-24 Issue 4.0
RD-6 | TTCS Safety Approach AMSTR-NLR-TN-044 Issue 2.0
RD-7 | TTCS Condenser Freezing Test Report AMSTR-NLR-TN-039 Issue03
RD-8 | TTCS Condenser High Pressure Test AMSTR-NLR-TR-007 Issue 1.0
RD-9 TTCS Leak rate AMSTR-NLR-TN-046 Issue 1.0
RD-10 | TTCS Filling system and accuracy AMSTR-NLR-TN-019 Issue 2.0
RD-11 | TTCS Modelling Description TTCS-SYSU-SIMU-PR-002 Issue 2.0
RD-12 | TTCS Box Temperature Requirements AMSTR-NLR-TN-31 Issue02
RD-13 | TTCS Thermal Analysis Results TTCS-SYSU-SIMU-PR-003 Issue 1.0
RD-14 | AMS-02 Tracker Thermal Control System (TTCS)d | ESCG-4470-06-TEAN-DOC-0032

Environment Temperatures
RD-15 | TTCB FM Vibration test procedure AMSTR-NLR-PR-030 Issue 3.0
RD-16 | TTCB EMC/EMI operation procedure Part B AMSTR-NLR-PR-029 PARTB

Issue 1.0

RD-17 | TTCS Test Report for Micro-g"2Loop Performance | AMSTR-SYSU-TRP-04-iss1.0

test
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TTCS Test Report for Micro-g'Loop Performance
test

AMSTR-SYSU-TRP-05-iss1.0

RD-19 | TTCS EM Test Report for botff and 2* Loop in 3D | AMSTR-SYSU-TRP-010-iss1.0
lay-out

RD-20 | TTCS QM Test Report fofMicro-g Loop AMSTR-SYSU-TRP-016-iss1.0
Performance Test

RD-21 | TTCB Primary Drawing package ET5998-06 Release 15-09-2009

RD-22 | TTCB Secondary Drawing package ET5998-08 Release 15-09-2009

RD-23 | Revised requirements for the pumps of the AMS Teg AMSTR-NL-TN-010 Issue 04

Thermal Control System (TTCS)

RD-24

PDT pump proposal, TP-5029“AMS Tracker Therm
Control System Pump”

TP-5059-2 Revision B, 03-SEP-200,

RD-25 | TTCS Accumulator Specification AMSTR-NLR-TN-18-Issue03
RD-26 | Design of TTCS Accumulator AMS02-CAST-TTCS-ACC-DR-002
RD-27 | TTCS Heat Exchanger Design AMSTR-NLR-TN-053 Issue 1.0
RD-28 | TTCS Radiator & Condenser Simulation Results | AMSTR-SYSU-SIMU-PR-005-1.0
RD-29 | TTCE software user requirements document AMSTR-NLR-TN-034 Issue 3
RD-30 | TTCS Component list ComponentsList 16 09 V51 .xls
RD-31 | Detailed cabling Schematic

ttcs_harness_rev4.9.pdf
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2 AMSIntroduction

2.1 AlphaMagnetic Spectrometer (AMS)

The Alpha Magnetic Spectrometer (AMS) is a spaam lietector for cosmic rays built by an
international collaboration. AMS will operate aboddne truss of the International Space Station
(ISS) for at least 3 years, collecting severaldn of high-energy protons and nuclei. The main
goal is to search for cosmic antimatter, (thabisanti-helium nuclei primarily), for dark matter
and lost matter.

A first version of the detector, known as AMS-Olew aboard the Space Shuttle Discovery
during the STS-91 mission (2-12 June 1998), caflgcabout hundred millions of cosmic
particles. This trial mission confirmed the mairead of the project and gave important
suggestions for further development.

For the ISS mission, the detector will be slightlifferent in concept, achieving a higher
resolution. In fact, AMS-02 will be an “improvedexksion of AMS-01. The solid magnet of the
AMS-01 mission will be replaced by a more powetfildlium cooled super-conductive cryo-
magnet in AMS-02. The introduction of the cryo-magaoes not only introduce additional
magnet cooling, it also increases the thermal destgnplexity of the Tracker Thermal Control
System (TTCS).

In AMS-01, the massif solid magnet was used toecblthe heat produced by the Tracker
electronics. The strict temperature stability reguments could be easily met due to the good
thermal connections from the electronics to the meaghat has a very large heat capacity. In
AMS-02, the super-conductive magnet does not peothis large heat capacity and therefore
an active thermal design is required to meet thi@g&nt electronics temperature stability
requirements.

2.2 Tracker Thermal Control System for AMS-02

The AMS-02 Tracker Thermal Control System (TTCS) aistwo-phase cooling system
developed by NIKHEF (The Netherlands), Geneva Usite (Suisse), INFN Perugia (Italy),

Sun Yat Sen University Guangzhou (China), Aerosplackistrial Development Company

(Taiwan) and NLR (The Netherlands). The TTCS isexinanically pumped two-phase carbon
dioxide cooling loop. The main objective is to pides accurate temperature control of AMS
Tracker front-end electronics. An additional obipeetis to prove and qualify a two-phase
pumped cooling system in orbit and collect operatiodata in micro-g environment over a
period of three years.
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The objective of the cooling system is to colléxt tlissipated heat at the tracker electronics and
transport the heat to two dedicated heat pipe t@diaOne radiator is located at the top WAKE
(anti-flight direction) side and the other one la¢ RAM (flight direction) side of the AMS
instrument.

The two-phase loop incorporates a long evaporpickijng up the heat from the multiple heat-
input stations evenly distributed over the six Keacsilicon planes. The heat is transported to a
condensers mounted onto the heat pipe radiators. liffuid is transported back to the
evaporator by means of a mechanical pump.

The heat producing elements, the tracker front-Bgdrid electronics are situated at the
periphery of the tracker silicon planes and aratied inside the cryogenic magnet. A total of
144 Watt is produced at 192 locations and an auiditi6-10 Watt cooling capacity is required
for additional electronics and a Star Tracker, Wwhecalso attached to the loop. The temperature
requirements for the silicon waver and the hybmichf-end electronics are:

Silicon wafer thermal requirements

Hybrid circuit thermal requirements

Operating temperature:

Operating temperature:

-10°C / +25°C -10°C/ +25°C
Survival temperature: Survival temperature:
-20°C / +40°C -20°C / +40°C

[Temperature stability:
3°C per orbit

Temperature stability:

Maximum allowed gradient between any silico
10.0°C

3°C per orbit
n:

Dissipated heat:
2.0 W EOL

Dissipated heat:
144 W total (+10%)
0.75 W per hybrid pairso.47 w, k=0.28 \y

The thermal design challenges of the TTCS for AS\VafE:
e Compatibility with the existing Tracker Hardware.

¢ Limited volume.

e Multiple and widely distributed heat inputs up ®01W.

« Minimal temperature gradients of less thé@ 1

e Low mass budget < 72.9 kg, low power budget < 8@.wa
e High reliability i.e. fully redundant system design

« Two radiators thermally out of phase.
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Figure 2-1: AMS-02 Silicon Tracker Schematic

2.3 TTCSloop lay-out

The main functionality of the TTCS loop is to trppng heat dissipated by the tracker
electronics to radiators that radiate the heaegpdspace. For reliability reasons, two redundant
loops will be implemented. In Figure 2-2, the layoti the primary TTCS-loop is given. The
secondary loop is a hydrodynamic complete indep&ndé the first one but has the same
layout. By following the loop routing in 2-1 and22the loop operation is explained. At the pre-
heaters the working fluid temperature is liftedhie saturation temperature. The working fluid
enters the evaporator with a quality slightly abaeeo, ensuring a uniform temperature along
the complete evaporator. Due to the widely distadufront-end electronics the evaporator
consists of two parallel branches collecting thatte the bottom and top side of the Tracker
planes. At an overall mass flow of 2 g/s the meaality at the outlet of the evaporators is
approximately 30%.

The two-phase flow of both branches is mixed addteough the heat exchanger where heat is
exchanged with the incoming subcooled liquid. Bdhime heat exchanger the two-phase line
(red) is split. One branch leads to the conderetettse RAM heat pipe radiator and the other is
lead to the condensers at the wake heat pipe oadiat the radiators the heat is rejected to

space. After the mixing point of the two radiataatiches, the sub-cooled fluid passes the
accumulator. By controlling the accumulator tempaeathe evaporator set-point temperature is
controlled by Peltier elements (cooling) and heatdthe set point can be varied to avoid

extreme sub-cooling or operation with liquid tengiares just below saturation at the inlet of

the pump. A distinct amount of sub-cooling is regdito avoid cavitation at the pump.
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Behind the pump the sub-cooled fluid is warmedrufhe heat exchanger before it enters again
the pre-heater section.

2.4 Principal functionality of the components

Component Function
Pump Transport the fluid through the loop
Accumulator Regulate the evaporator temperatutiearracker

Account for the expansion of the working fluid
Accumulator Peltier elements Regulate evaporagpeint in all operation modes (cooling)
Accumulator heaters Regulate evaporation set-poiall operation modes (heatinp)
Emergency accumulator heat-up in case liquid emeperaturg
approaches saturation temperature (to avoid ceonitat pump

Heat Exchanger Exchange heat between hot evapaonatet and cold
evaporator inlet. Reduction of pre-heater power

Evaporator Collect heat at the tracker electrofibg evaporation procegs
provides the temperature stability required.

Condensers Remove the heat from the working fluithé radiators. The
condensing process makes the heat transfer effectiv

IAbsolute Pressure Sensors Monitor the absolutespresnside the loop

Differential Pressure Sensor | Monitor pump preshes

Pre-heaters Heat evaporator liquid inlet to satumgtoint

Start-up heaters Additional heater for cold star{aff during nominal
operation)

Cold Orbit heater Additional heater to keep the condenser temperatooge CO
freezing temperature (-3&) during cold orbits

Liquid line health heaters Heaters to defrost thadenser inlet and outlet lines after an

AMSO02 power down

Dallas Temperature Sensors ~ Monitor temperaturesSTtE@peratures

Pt1000 Temperature Sensors  Control accumulatordeahype

Control pre-heater on/off

Monitor cold temperatures on radiator and liquitk§
Table 2-1: Functional design of the loop
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3 Specifications and Requirements

3.1 System requirements

3.1.1 Functional Performance
The main objective of the TTCS system is to

keepThacker electronics within the required

temperature limits. It transports the dissipateéthieom the Tracker electronics to two
dedicated radiators. One on RAM-side and one oMIAKE-side of AMS. Both radiators are
thermally out of phase, meaning that the orbitatliis either on WAKE or on RAM, but not on

both radiators at the same time.

3.1.2 Design temperatures

The temperature limits for the silicon wafer and tloe hybrid circuits are summarised in the

next subsections.

3.1.2.1 Tracker Electronicstemperature requirements

Silicon wafer thermal requirements

Hybrid circuit thermal requirements

Operating temperature:

Operating temperature:

-10°C / +25°C -10°C/ +25°C
Survival temperature: Survival temperature:
-20°C / +40°C -20°C / +40°C

[Temperature stability:
3°C per orbit

Temperature stability:
3°C per orbit

Maximum allowed gradient between any silicon:

10.0°C
Dissipated heat: Dissipated heat:
2.0 W EOL 144 W total (x10%)

0.75 W per hybrid pairs€o.47 w, k=0.28 Wy

Table 3-1: Tracker Electronic Temperature Ranges

The Tracker electronics are located near the T

raaikeon wafer plates.
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3.1.2.2 TTCSElectronicstemperaturerequirements

TTCE thermal requirementsin TTCE box
Operating temperature:

-20°C / +55°C

Survival temperature:

-40°C / +85°C

Table 3-2: TTCE Electronic Temperature Ranges
The TTCE electronics box is located at the Wake-sial the main radiator.

[TTCE thermal requirementsfor eectronic partsin TTCS-P and TTCS-S box
Operating temperature:

-20°C / +55°C

Survival temperature:

-40°C / +80°C
Table 3-3: TTCS Electronic Temperature Ranges
(08-09-2009 consistent with pump electronics reqs)

3.1.2.3 TTCSFluid temperatureranges

[TTCS Fluid temper ature ranges
Operating Temperature loop (set-point):
-20°C / +25°C

Survival temperature:

-120 °C / +65°C

Start-up temperature:

-40 °C / + 30°C (accumulator start-up temperature)
Table 3-4: TTCS Fluid Temperature Ranges (08-09-2009)
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3.1.3 Redundancy concept and requirements

The AMS overall philosophy ishe avoidance of any single-point of failure. The TTCS
subsystem is therefore completely redunddiwio complete independent loops are fully
equipped to fulfil the thermal control task for the Tracker electronics. In principle one
subsystem is hot and the other cold (i.e. the sibsywill not be operating at the same time)
The philosophy is further that alsw single-point of failure is present in one of the two
systems. All critical mechanical components in the sepallabps are therefore also redundant.

A list of redundant components is given in Table 3-

Component

Redundancy per loop (# per loop)

Pump

2

lAccumulator

1

IAccumulator Peltier elements

Accumulator heaters

Heat Exchanger

Evaporator

Condensers

2
2
1
1
1

Absolute Pressure Sensors

2

Differential Pressure Sensor

2

Pre-heaters

Start-up heaters

2
2

Dallas Temperature Sensors

2

Pt1000 Temperature Sensors

3 or 2**

Cold orbit heaters

2

Liquid line health heaters

2

Tracker radiator heaters***

2 (connected to PDSidesand to PDS
B-side)

TTCE including:

2

TTEP

2

TTEC

2

TTPP (A/B)
A and B both on one board

2 (but one mechanical connector)
No contro-Pt1000's are connected to {]
board.

TTBP (A/B) 2
A and B both on one board

Redundancy interfacing systems

CAN-bus 2
JMDC 4

Table 3-5: Component redundancy

** The Pt1000’s used for control are triple redundant the monitoring Pt1000’s are redundant.
***The survival heaters are not part of the TTCS-system but are incorporated for completeness.

The same holds for the complete chain of componamtiselectronics. The TTCE electronics
are also completely redundant and divided in amé B electronics block. A block diagram is
shown in Figure 3-1.
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Tracker N A | PDS
Thermal (Normal) R
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(TTCBP)
TT-Crate
TTPD
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Tracker
Thermal N TTBCE
Secondary Loop
(TTCBS) (Redundant)
N\

Figure 3-1: TTCS Electronics Block Diagram

From Figure 2-2 and Table 3- it is shown that Et&ical components are redundant in as well
the primary as the secondary loop. One of each ooe is attached to electronics A and the
redundant component is connected to electronide B1¢ components list, indicated with a and
b (see RD-30).

To allow for the maximum use of all critical compons it is decided to be able to operate A
and B electronics simultaneously.

3.14 Power budget
The power budget allocated to the TTCS system duwjeration is 134 Watt.

TTCS Power budget

Allocated power budget (AMS) nominal 134 Watt

Average actual power (estimated) 70 Watt

Nominal totalone loop (28 V) 126 Watt

Nominal totalone loop cold orbit (28V) 212 Watt

Nominal totalone loop start-up (28 V) 202 Watt
ransition from start-up to Tracker on (28 V) 2061t

Table 3-2: TTCS Power budget

The allocated power budget is a number represettimgnean power to be delivered to TTCS
during operation.
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Primary loop | Power Primary Loo Average Power Absolute Total Power

Type Voltage |Power |Units |Primary [Primary in cold orbit Primary Loop Start-up Primary Loop Primary Loop

Single |Nom | Cold |Stari-up |Abs Total [Nom Total Nom tetal A Nom total A Avy. Total Remarks Abs. Total A
071 L N N 0 i W) ©_] W] {4} [W][No design values W]
125.66 212.86 202.86 69.92 262.86
POT 5059 28 15 1 1 1 1 15.00 15.00 15.00 7.5[1 pump 50% active 15.00
wire heater 28 89 2 2 2 2 17.60 17.80 17.60 17.60)100 % active (on/off) 17.60
wire heater 28 &0 1 1 60.00 not active B0.00
wire heater 28 50 1 1 50.00 not active 50.00
28 429 1 1 1 1 42890 42.90 42.90 17.16]40% active 42.90
wire_heater 28 375 1 1 1 1 37.50 37.50 37.50 15)40% active 3750
28 02 1 1 1 1 020 0.20 020 020 020
28 02 1 1 1 1 020 0.20 0.20 0.20 0.20
wire heater 28 136 2 2 2 27.20 2720 not active 27.20
051820 5| 0003 nat active

PTEA Pt-1000 6| 0003 15 15 15 15 0.05 0.06 0.05 0.05 0.05
PTFA Pt-1000 5| 0003 [ 5 3 3 002 0.02 0.02 0.02 0.02
2 12.00 12.00 12.00 12.00 12.00

SRA 28 1 1 1 1 1
Table 3-3: Power budget (Powerbudgetll 09 09 V01.xls)

Explanation of the power budget table:

Primary nominal: Power when nominal actuatgnsrimary loop are 100% active
Primary Cold orbit: Power during cold orbit wildditional heaters 100% active
Primary Start-up Power required during startaigh additional heaters 100% active
Primary Absolute total: Power when all actuatfrprimary loop are 100% active
Average power: Average power during nominal operat{fone loop) with only

nominal actuators partly active

*Remark 1: The average power is a value requesgedNdS-consortium but not an official
NLR number. For NLR lower numbers are only accdptal design value when the electronics
is designed such that simultaneous use is exclusldtbugh it is unlikely that all components
request power at once. NLR considers the absaltdaegower as design value.

The Secondary Loop is an exact copy of the Prinhagp the power budget is therefore the
same.



-19-

= s s <)
o (NLR)
&b o NIBEEE  AMSTR-NLR-TN-05-Issue03 LR

315 Massbudget

The mass budget distribution is given in Table 3He overall estimated mass budget is 69.9
kg. This is the below the initial allocated bud@ét72.9 kg. The mass breakdown is shown
below and is based on 95% mass measurements.

Primary Loop |Secondary Loop TTCS Complete Percentage of total TTCS mass
Description # Overall Number (P+S)  |Estimate 02.02-2009 (kg)|Fstimate 02022009 (kg) |Fstimate 02-02-2009 (kq]
Centrifugal Pump .15 " 6.37 A
Preheaters d g
Start-up heaters i
Cold orbit heater i
Absolute pressure sensors .
Differential pressure sensors 14
Wire heaters condenser lines 1.
Temperature sensors Dallas 12 . i 2.
Temperature sensors PT1000 12 175 1.75 3. 5.
Accumulator (including saddle, peltiers etc) 3. 3. 7. 10.
Heat Exchanger g g 3. 4.
Condenser d i 18. 25,
Fluid 2 loop: : 1 2.65
Tubing .51 0. 32
Tube connectors 8 .60 iy 1.20 12
TTCS box .90 K 9.80 14.02
Mounting frames, brackets bolts 2 3.80 3.80 7.60 10.87
Thermostats (hox) 20 0.30 0.30 0.60 0.86
0.00
MLI 1 0.20 0.20 0.40 0.57
Cable haress TTCB's 2 0.50 0.50 1.00 143
Contingency 1 0.00 0.23 033
Total current budget: 34.9 34.8 69.9 100.0
Qriginal budget Primary Box Secondary Box 729
19.92 19.98 30
Table 3-4:TTCS Mass Budget
3.1.6 Electrical interfaces
TTEP TTEC
(TTCE-B) (TTCE-B)
BACKPLANE
TTEP TTEC TTPP
(TTCE-A &
(TTCE-A) (TTCE-A) TTCE B)
wn 0 w» © e v (%2} N %2} 9 0
o g O 2g0 ¢ £ ¢ 55
a g W o2k 89 E = 2a
F o @ o S S v c
Q S 2 > oo
e N <t o @ zZ ~ < E. 173}
Q o~ +
N
i <

Figure 3-2: TTCE Interface block schematic

The main interfaces are show in Figure 3-2. It mibstremarked that the valve control
electronics although present on the TTPP are reat as the valves are deleted from the TTCS
design. Also the FPGA does not suppport the vabugrols on the TTPP. All details on the
electrical interfaces are summarised in the AMSUZE Interface Control Document RD-5.
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3.1.7 Proof/Burst Pressure

In a two-phase system the pressure, temperaturadamgity are interrelated. The maximum
design conditions are based on the notion thaémhiee system pressure should not exceed 160
bar pressure (Maximum Design Pressure MDP) andxanmuian temperature (average over the
entire system) of 65 °C. The maximum allowable fdte (system density) is then directly
determined from the Mollier diagram, seenFigure 3-3, as the intersection between the blue
line (constant temperature (65 °C) line) and thezieatal line of constant pressure.

In Figure 3-3 the Mollier diagram is seen for £Ohe intersection of the T= 65 °C curve (blue
line) with thep = 592.39 [kg/r{ (red line) occurs at a pressure of 160 Bars:

« Max Design Pressure 160 [Bar]
* Max Design Temperature 65 [°C]
¢ Max Design Density 592.39 [kdIrtemass/volume)

The above pressure, density and temperature mdatoe based on the notion of constant
temperature over the entire system. If the temperatf a part of the loop is below the 65 °C
the required volume to contain the Q@ 160 Bars is smaller than the actual loop voluTings
implies that the other parts of the loop can getnvest without exceeding the 160 Bars in
pressure. This is approach is used for the safetlysis (RD-6).

100,00

=

- [160 Bar \",“ ‘
e MPa "t"“

Pressure (MPa)

i
é&
—
=

1,0000 ‘
0,00000 200,00 400,00 600,00

Enthalpy (kJikg)

Figure 3-3: Mollier diagram
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Although different maximum temperatures are usedliiberent parts of the loop the MDP in a

two-phase is for all components the same. The degsigof pressures are summarised in the
below table and are based on the general desiga shlown in Appendix Il. For the condensers
a special pressure regime is valid (RD-7). The easdrs are located on the Tracker radiators.
In case of an AMS02 power down these radiatorsdeamease to temperature well below the
CQO, freezing temperature (-55°C). Therefore the cosdenare designed such that they can
withstand the highest pressure build up during thgw3,000 bar) with still frozen inlets and

outlets.
[TTCS design pressures

TTCS components MDP [bar] Proof pressure [bar] sBpressure [bar]
Evaporator tubing 160 240 640
Tubing in TTCS-P-box 160 240 640

& TTCS-S box
TTCS-components 160 240 400
- pumps

- APS

- DPS

- Accumulator

- Condenser manifolds
- Hydraulic connectors

Condenser 3,000 6,000 12,000

Table 3-5: TTCS MDP, proof and burst pressures

It is experimentally verified (RD-7) that the press build-up in the condenser design during
thawing perfectly follows the melting line (see kg 3-4). The highest pressure is based on the
maximum Tracker radiator temperature after AMS-@2v@ down. The condenser design is
also tested for proof and burst. The verified bpretssure (10,000 bar) is agreed with NASA
safety and uses a safety factor of 3.33.

3.1.8 Rupturecriteria
All components shall be designed to leak beforestbariteria. During the verification it was
shown that all components don’t show leaks at unestsures.
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Carbon Dioxide: Temperature - Pressure Diagram
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Figure 3-4: Maximum design pressure plotted alor@p @elt line

3.1.9 Leak tightnessrequirementsand sealing

The overall leak tightness is based on & @@ss loss of 30 g in 5.5 years based on average
operating pressures on earth and in space. Theeddelium leak rate equivalent is calculated
to verify the leak tightness and subdivided in ldakdgets of TTCS components and
subassemblies (RD-9). The leak budgets are shovenvh@er component, subassemblies and
TTCS-system.

Complete TTCS Maximum allowed He leak rate (vacuum
method)
Complete TTCS 1x107 mbar I/s

Table 3-6: Maximum allowed He leak rate, complategrated TTCS

Integrated parts Maximum allowed He leak rate (vacuum
method)

Component box 4x10°® mbar I/s

Condensers + manifolds + 3%10% mbar I/s

feed/return lines

[72)

Evaporator + feed/return ling

, 3x10°® mbar I/s
+ hydraulic connectors

Total

Table 3-7: Maximum allowed He leak rate, ‘integhgarts’ level
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The requirements for the assemblies are less 8tgatfor the individual components. This is
done for practical reasons in view of the numbdesf connectors necessary during

verification.
Component Item Code Maximum allowed He leak rate (vacuum
method)

Pump PMP1aP 1x18 mbar.l/s
Pump PMP1bP 1x18 mbar.l/s
Diff. pressure sensor DPS1aP 1x1®mbar.l/s
Diff. pressure sensor DPS1bP 1x18 mbar.l/s
Abs. pressure sensor APS1aP 1x18 mbar.l/s
Abs. pressure sensor APS1bP 1x18 mbar.l/s
Accumulator AccuP 1x1d mbar.l/s
Heat Exchanger HXRP 1x10° mbar.l/s
EvapTop (without connectors) 1x10° mbar.l/s
EvapBot (without connectors) 1x10° mbar.l/s
SUBTOTAL 1.0x10°® mbar I/s
All hydraulic connectors 2x10% mbar.l/s
All orbital welds 2x10°8 mbar.l/s
Condenser, incl manifolds CND1P 2%x10 mbar.l/s
Condenser, incl manifolds CND2P 2x1¢ mbar.l/s
TOTAL 9.0x10°® mbar .I/s

Table 3-8: Maximum allowed He leak rate, compoheve|

The verification is performed with the Helium vacutest method as this is the best way to
quantify leaks. An additional only qualitative ckas performed with the Helium sniffer
method on the TTCS working pressure. This is teadeaks only arising at high pressures.
Prime suspects are the hydraulic connectors usée idesign. The verification of
subassemblies so far (TTCB’s and condensers) sheacdim method leak rate values better

then the requirements.

Pinching and closure
The system shall be closed with pinch and a sectoglire. Welding is not allowed to not

damage the connected Tracker Electronics. The ¢tialre shall have the same leak tightness
as hydraulic connectors used in the loop. The ieatibn of the last closure (pinch and
connector) of the system will be performed with @,@nass spectrometer as verification with
any Helium test method is not possible. The schiersat-up is shown in Figure 3-5.
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Figure 3-5: Schematic leak detection set-up focpiand closure

3.1.10 Cleanliness
The TTCS-loop element and the TTCS components sloaltontaminate the system working
fluid.

Metallic particles are not allowed.

The maximum number of non-metallic particles in0® Inl sample shall be as follows and is
equivalent to MIL-STD-1246 C class 100:

e >10Qum none

e 100um 5 max

¢ 50um 50 max

e 25um 200 max

e 10pum 1200 max

e 5um no limit

The cleanliness of components shall be verifieddtgction. Tubes and connectors shall be
procured clean and kept clean by working accortbrgrocedures.
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3.1.11 Orientation

System orientation

The TTCS-system shall be able to operate duringirgiaesting. Loop split point and pre-
heaters shall be located such that no phase s@patan occur during ground testing.

Pump orientation
The pump shall be dimensioned such that the additigravitational pressure head can be

performed.
Remark: Due to the limited amount of €@ the loop and the small diameter size, is the
gravitational pressure head is negligible comp#&vetie overall pressure head.

Accumulator orientation
The accumulator shall be able to provide full operal performance during ground testing.
The accumulator shall therefore operate in allntétons in ground test conditions.

3.1.12 Vacuum
The TTCS shall be able to operate in high vacuurhq? mbar). Materials should no degrade
at vacuum conditions.

3.1.13 Compatibility
All TTCS materials shall be compatible with the Wiog fluid Carbon Dioxide (Cg and
Isopropyl Alcohol (IPA) which will be used as cléag material.
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3.2 Environmental Requirements
The TTCS is part of the AMS02-mission. Therefore TTCS has to be able to survive all
environmental conditions during this mission.

The mission is subdivided in the following missigmases:

» Storage (TTCS non-operating)

» Ground testing conditions (TTCS operating/functiafeeck)

e Launch conditions (TTCS non-operating)

e Shuttle bay (TTCS non-operating)

e Transfer from shuttle to ISS truss (TTCS non-opegat

* ISS-truss (TTCS start-up, TTCS-operating, and ThG&-operating)

During all mission phases the TTCS must survive #revironmental conditions. The
environmental conditions comprise:

e Thermal environment requirements

e Vibration and shock requirements

« EMC and EMI requirements

* Radiation requirements

In the following sections the environmental coradi8 are detailed. For the thermal
environment the conditions are detailed per ot per mission phase.

For all other environmental requirements the warase requirements are given. When
appropriate standards are/will be used a referenttes to be used standards is given.

3.3 Thermal Environmental Requirements/Orbital data

The TTCS is part of the AMS-experiment and will tb@nsported by the Space Shuttle to the
International Space Station ISS. Main interfacehef TTCS with the orbital environment are
the Tracker radiators.

In this subsection first a summary is given of tabdata. Out of these conditions the worst case
operational and non-operational conditions arecéstieand defined in separate subsections.

The extreme conditions are defined by the following
Extreme hot condition

« Hottest environmental condition (highest TTCS rtaatigemperature(s))
» Worst case optical properties (worst cagecombination)
- higha (solar absorption)
- low € (IR emission coefficient)
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» Largest solar/albedo/earth heat load
* Maximum possible power dissipation during hottest pf orbit

Extreme cold condition
¢ Coldest environmental condition (lowest TTCS ramliaémperature(s))
» Worst case optical properties (worst cagecombination)

- low a (solar absorption)
- highe (IR emission coefficient)
* Lowest solar/albedo/earth heat load
» Lowest possible power dissipation during coldest pborbit

331 Summary of all orbital thermal data

In Figure 3-6 a schematic of two extreme spaceostairbits is presented. Main change in
orbital data is due to the change in beta anglglédoetween the ISS orbital plane and the sun
vector (earth centre to sun).

earth axis SUN

LIGHT

X orbit axis

:

B=75

Figure 3-6: ISS orbit extremes
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Figure 3-7: Relative time share of ISS orbits

In Figure 3-7 the relative time-share of the diferorbits is shown in a histogram. Beta angles
of +75 and —75 are scarce and most time AMS (o W8lBview orbits around beta-angles of —
30 and +30. In Figure 3-8 typical orbital interfadata is presented. The full orbital data
consists off:

MERAT temperatures of the RAM and Wake Trackeratais.

View temperatures at the back side of the radiator

Orbital loads (sun solar earth) on the RAM and Wakacker radiators
Orbital loads at the back (inside) of the RAM andR& radiators
Orbital loads on the TTCB'’s

USS I/F temperatures

Tracker I/F temperatures

No o~ wh e
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RAM radiator

Orbital data BYPR=+75-15-20-15

TTCS RAM radiator load and MEART interfaces
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20.0

0.0 |

VEART(C)
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-40.0
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—80.0 |
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1000 L en

TTCS WAKE radiator load and MEART interfaces
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&) 381100 MERAT
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WAKE radiator
Ortital data BYPR=+75-15-20-15

—— 82100 MERAT
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—+— 382101 MERAT
—— 382102 MERAT
— 332103 MERAT
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—— 382103 load
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NLR

MERAT and orbital load of TTCB

NMERAT and orbit load of the star-up radiator
primary box, BYPR=+75-15-20-15

20. 00 0. 500
18.00 . e . 0.800
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Figure 3-8: Typical orbital data for hot orbit Beta+75-15-20-15 (all TTCS orbital data is found in
RD-13)

The figure shows the MERAT temperatures and orbidls on the RAM and WAKE Tracker
radiator and the TTCB-P start-up radiator. The MHRfemperatures are the effective
temperatures of the radiator surroundings, exclyittie orbital heat load. Each Tracker radiator
is divided in four parts and for each part an MERAGmperature is given. The nodal
distribution for the RAM-radiator is shown in FiguB-9.

Figure 3-9: Nodal distribution on the RAM-radiator
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Each node has a rectangular trapezoidal shape evalimensions are:
* For the lower, smaller nodes: 0.29 m2
e For the upper, bigger nodes: 0.32 m2

In Appendix 1l the orbital data for 10 represeitatorbits is given. These interface data are
calculated by CGS (ltaly) based orbital calculanb™AMS and ISS.

3.3.2 Radiator temperature calculation

The above-presented orbital data are used to atdctiie temperatures of the radiator. In non-
operating cases the heat exchange with the enviaohis small. Therefore the Tracker radiator
environment temperatures are not influenced byr#itgator heat exchange. However during
operation the TTCS dumps 154 Watt in the envirortirieereby heating the environment. The
given orbital data are therefore too optimistic. dccount for this mutual interference the

radiator temperatures during operation have belenlesed in co-operative effort between NLR

and CGS. The sequence is shown in Figure 3-10.riexme has learned that after one full

iteration the radiator temperatures converge aaddiution is reliable to use for design.

_S
ToF

—r—<—

Orbital fluxes Cooling system set point
boundary conditions and power dissipation
~

Complete AMS thermal model
on International Space Station
model to calculate orbital fluxes.
(SINDA, CGS/Milan)

. ‘

Figure 3-10: Calculation sequence to calculate Tracker radiator temperatures
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3.3.3 Hot case operational

The TTCS hot case operational phase is defined as:
» Tracker heat load 144 Watt

o Star Tracker heat load 10 Watt

e TTCS Pump dissipation 15 Watt

e Hot orbit

For details on power dissipation see RD-12. An resitee survey on 259 attitude/beta angle
combinations has been done to identify the ho#tadtcoldest orbits. The results are presented
in Appendix Ill. All orbital data can be found irOR13.

The following orbits are defined as Tracker radidtottest orbits:

e Beta+75-15-20-15

* Beta+75-15+00-15

Remark: A hot orbital indication in the AMS02 gealeinterface data means a hot orbit for
AMSO02 overall. That does not automatically impllia orbit for the Tracker radiators.

Impact on system design
The hot case operational is used to define theigmim) set-point in hot cases.

3.34 Cold case operational

The TTCS cold case operational phase main activgonents are:

» Tracker heat load 144 Watt

e Star Tracker heat load 0 Watt

* TTCS Pump dissipation 10 Watt

e Cold orbit

For details of the power dissipation see RD-12.eAtensive survey on 259 attitude/beta angle
combinations has been done to identify the ho#tadtcoldest orbits. The results are presented
in Appendix Il and in RD-13

The following orbits are defined as Tracker radi@imdest orbits:

* Beta-75_+15 0-15

* Beta-75_0_0-15

* Beta-75-15_0+15

* Betat+75+15+15+15

Impact on system design
The cold case operational is used to define seedhd orbit heater to avoid condenser freezing
during cold orbits.
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3.3.5 Cold case non-operational

The cold case non-operational is defined as:
» Tracker heat load 0 Watt

o Star Tracker heat load 0 Watt

e TTCS Pump cooling 0 Watt

¢ Health heaters (radiator, liquid lines) on
e Cold orbit

The following orbits are defined as Tracker radiaimidest orbits:
* Beta-75_+15 0-15

e Beta-75_0 _0-15

e Beta-75-15 0+15

e Beta+75+15+15+15

Impact on system design

The cold case non-operational is important to perfthe heater sizing of the health heaters on
the Tracker radiators.

This case is also used to size the accumulatorthathn cold conditions still fluid is present in
the accumulator.

3.3.5.1 Freezing requirements
Freezing problem explanation
Freezing of (parts) the TTCS-loop can occur whentdmperature drops below -55 °C. The

freezing itself is not a problem. However duringuling it is possible that fluid CGsections
are created in between solid sections. By incrgagmperatures this will induce high pressures
(upto 3000 bar).The freezing temperature is onhched at and nearby the Tracker radiators.
The only component involved in freezing is the camgkr (see sectioBrror! Reference
source not found.). For other parts of the loop it is verified nongeratures below -55 °C are
possible (RD-14).

For the freezing problem the following case is wedi as cold case with AMS02 power down:
» Tracker heat load 0 Watt

o Star Tracker heat load 0 Watt

e TTCS Pump cooling 0 Watt

¢ Health heaters (radiator, liquid lines) off

e Cold orbit



-34-
: = N> )
W o NIpEER AMSTR-NLR-TN-05-Is5ue03 ~ mav

x W
NLR)  tuxs 2

VERSITE DE GENEVE

The following orbits are defined as Tracker radiataldest orbits.
* Beta-75_+15_0-15

e Beta-75_0 0-15

* Beta-75-15_0+15

* Betat+75+15+15+15

Impact on system design
The cold case non-operational is important to chbeklowest Tracker radiator temperature.
Important for heater, thermostats and temperatmea specifications.

3.3.6 Hot case non-operational

The hot case non-operational is defined as:

e Tracker heat load 0 Watt

o Star Tracker heat load 0 Watt

e TTCS Pump cooling 0 Watt

e Health (survival) heaters working on thermostatsgit
e Hot orbit

The following orbits are defined as hottest orbutsthe Tracker radiator:
* Betat+75-15-20-15
* Beta+75-15+00-15

Impact on system design

The hot case non-operational is used to definenthgimum non-operational environmental
temperature of the Tracker radiators. This tempegatlefines the maximum temperature (and
therefore pressure) of inclined liquid between éroparts in the condenser section.

Start-up hot case

For cold start-up the following worst case coldédined:
e Tracker heat load 0 Watt

e Star Tracker heat load 0 Watt

e TTCS Pump cooling 0 Watt

e Health (survival) heaters (radiator, liquid lines)

e Hot orbit (hot USS)

The following orbits are defined as hottest orbutsthe TTCB (component box) interfaces.
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The hottest cases for the TTCB-Primary are
* Betat+75-15-20-15
* Beta+75-15+00-15

The hottest cases for the TTCB-Secondary are:
* Beta-75-15+25+15
* Beta-75-15+15+15

Impact on system design

The start-up hot case is used to check whethef TI&ES is capable to start-up in hot orbits. In
case the environment (USS structure) is in suchsa ¢too hot (>30C) and the TTCB pump
inlet reaches the same temperature. The TTCS isapaible to start-up in liquid mode.

In parallel tests are performed to start-up the $T¥gstem in supercritical-vapour conditions.
These tests were successful but start-up takegidimge and that is an unfavourable.

3.3.7 Requirementsduringtransfer (non-operational)
During transfer orbit the thermal environmental @itions are different from the conditions on
the ISS truss.

Worst case cold

Important is to check the worst case cold non-dpeya&ase for the TTCS-boxes.
» Tracker heat load 0 Watt

e Star Tracker heat load 0 Watt

e TTCS Pump cooling 0 Watt

* Health (survival) heaters (radiator, liquid lines)

» Cold case transfer orbit

To define this worst case cold USS temperatureimgaransfer should be identified. (This will
be done in co-operation with CGS). It is assumedl tite health heaters are switched off during
transfer (i.e. power down).

Impact on system design

The cold case in power down during transfer mighthe coldest case in power down mode.
These environmental conditions might therefore dmduo verify condenser design. It should be
verified that the tubing from the box to the corglmmanifolds stays above —5D.
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Worst case hot
Another important issue is the environmental logdich can increase the radiator temperature
from a freezing situation to melting. This wouldppan in the worst case hot non-operating.

e Tracker heat load 0 Watt

e Star Tracker heat load 0 Watt

e TTCS Pump cooling 0 Watt

e Health (survival) heaters (radiator, liquid lines)
e Hot case transfer orbit

Impact on system design

In case the environmental solar input during trang large it could induce hot spots on the
radiator. An extreme case during transfer mighthieedesign driver for the freezing test and test
procedure.
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3.3.8 Vibration and Shock requirements

The TTCS-P, TTCS-S-box and the TTCE box should lile &0 withstand the vibration and
shock requirements for Space Shuttle launch andpatation.

The vibration and shock requirements testing fer T CE electronics will be according to
Environmental requirements for AMS Tracker Electronics, Revision 1.0. by CAEN
Aerospace S.r.L.. TTCE vibration testing is perfedhat in CSIST in Taiwan.

The TTCB-component boxes are subjected to MinimuorRivianship Level Vibration testing.
The profiles can be found in RD-15. The testingadormed at the SERMS laboratory in Italy.

3.3.9 EMI requirements

The EMI requirements are found in:

DEPARTMENT OF DEFENSE INTERFACE STANDARD, MIL-STD&AE
"REQUIREMENTS FOR THE CONTROL OF ELECTROMAGNETIC IRRFERENCE
CHARACTERISTICS OF SUBSYSTEMS AND EQUIPMENT20 AUGUST 1999

3.3.10 EMC requirements

EMC requirements are found in: International Spstaion Program office, “Space Station
Electromagnetic Emission and Susceptibility Requeets”, Revision F 17 May 2001. More
information on EMC techniques can be found in: &p@tation Program Office, “Space Station
Electromagnetic Techniques”, Revision D, 22 Decamil988.

The verification of EMI/EMC for TTCE is performedt &£SIST in Taiwan. The TTCB
verification is performed at the CEM laboratoryTiarni Italy according to RD-16.

3.3.11 Cosmic Radiation
TTCE follows the general rules for radiation tolgr@aomponents. For more information on
AMSO02 TTCE radiation tolerant design, contact ViaiiKoutsenko or Mike Capell.
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4 TTCS Concept selection

4.1 Introduction

In Figure 4-1 a schematic of the AMS and the AMSCEBIsystem is shown. The objective of
the cooling system is to collect the dissipated la¢dhe tracker electronics and transport the
heat to two dedicated radiators. One radiatordatkd at the top Wake side and the other one at
the RAM side of the AMS instrument.

The heat producing elements, the tracker front-Bgdrid electronics are situated at the
periphery of the tracker silicon planes and arated inside the cryogenic magnet. A total of
144 Watt is produced at 192 locations and an amfditi6-10 Watt cooling capacity is required
for additional electronics. The temperature requénts for the silicon waver and the front-end
electronics are:

Silicon wafer thermal requirements

Hybrid circuit thermal requirements

Operating temperature:

Operating temperature:

-10°C / +25°C -10°C/ +25°C
Survival temperature: Survival temperature:
-20°C / +40°C -20°C / +40°C

[Temperature stability:
3°C per orbit

Temperature stability:
3°C per orbit

Maximum allowed gradient between any silico
10.0°C

n:

Dissipated heat:
2.0 W EOL

Dissipated heat:
144 W total (+10%)
0.75 W per hybrid pairs€o.47 w, k=0.28 Wy

Other critical TTCS-requirements for ASM-02 are:
e Compatibility with the existing Tracker Hardware.

* Limited volume.

* Multiple and widely distributed heat inputs up ®0IW.

« Minimal temperature gradients of less thé@ 1

* Low mass budget < 72.9 kg, low average power bud@&t watt.
e High reliability i.e. fully redundant system design

« Two radiators thermally out of phase (see also Adpell).

The detailed requirements are found in the formeetisn (section 3). As mentioned in section 2
the TTCS design had to be adapted to a cryo-canigghet with little thermal mass. In the
section the concept selection of the two-phase pdngooling system is presented illustrating
the design constraints leading to this selection.
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Figure 4-1: AMS Silicon Tracker Schematic

4.2 Concept selection

In the concept selection to come to the currengdethree designs were considered:
1. Capillary pumped systems

2. Single phase pumped systems

3. Two-phase pumped systems

Capillary pumped systems consisting of loop heat pipes and heat pipes adelyused in
satellite thermal control. Large advantage is thoeeethe flight heritage and experience with
these systems. However, with the lay-out of theelyidlistributed heat input, no Loop Heat
Pipe construction inside the Tracker is possible tuthe limited size of LHP evaporators.
Alternatively a two-stage approach could be folldw€ollecting the heat inside the Tracker
with heat pipes and transporting the heat to a murobloop heat pipes. However this leads to
considerable hardware and mass inside the Trackéith the required redundancy the volume
available is not sufficient to accommodate serfgzapallel heat pipes.

A single-phase mechanically pumped loop requires little volume inside the tracker the heat
can be collected by a tube routed along all heatces. The collected heat is then transported to
the radiators and rejected to deep space. To fhHiltemperature gradient requirements inside
the tracker the mass flow will be relative high qgmred to the two-phase pumped system.
Where the single-phase system uses the sensilieah@o-phase system uses the latent heat
and can therefore transport in the order of 1001i@ies more heat with the same mass flow.
Drawback and concern of both the mechanically puhgiegle-phase and two-phase systems is
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the presence of a pump. For reliability reasonsimdent pumps are foreseen in each separate
redundant loop.

A two-phase pumped loop has large advantages to account for the AMS TTE€Sgd
challenges. It provides an almost isothermal emvirent for all the 192 distributed electronics
elements as the heat is collected by evaporating iihside a tube. The temperature rise will be
in the order of 1 K. The tube diameter size willdmall (< 3 mm) compared to single phase
systems and the required pumping power will be s{x&l0 Watt).

A quantitative comparison between a single-phask atwo-phase pumped loop is given in
Table 1 and based on:

»  System Properties general Dissipated heat = 154 W

Tubing: L= 73 m (length), t= 1 mm (thickness), stainless
steel

Mean velocity in tubing =1 m/s
System Pressure head ~ 1.6 bar
Efficiency pump ~ 35%

Carbon dioxide properties at 0 ° C

»  System Properties 1-phase Maximum temperature gradient in evaporator AT = 2 K

«  System Properties 2-phase Maximum vapour quality in evaporator X = 0.35
Single-phase Two-phase

Mass Flow 31lgls 2.25gls

Pump Power 15 Watt 1.1 Watt

Mean tubing diameter 6.3 mm 1.8 mm

(based on a 1m/s mean flow velocity)

Fluid mass 2.1kg 0.2 kg
Tubing mass 13 kg 5kg
Total mass (excl.components) 15.1 kg 5.2 kg

Table 4-9: Comparison between a two-phase and single-phase CO2 pumped loop

The table shows the mass benefit of the two-phgseem over the single-phase system.
Drawback of the two-phase pumped system is the ddckufficient flight heritage and the
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presence of a pump. However the system easilyidulie envelope requirements and is more
mass effective than the alternative solutions.

As a capillary pumped system does not fit in thailable volume inside the tracker, the two-

phase mechanically pumped loop is finally chosepraferred concept. The main advantages
over the single-phase system are the almost pedetttermal operation, the low mass, the
small volume, and the low pump power required.

421 Workingfluid selection

With a two-phase pumped loop as baseline the wgrKimds are limited to fluids with a
boiling temperature in the operating range of tag-joad.

Other working fluid requirements are:

* Low liquid/vapour density ratio

* Boiling temperature range: -10 °C to +20 °C

e Temperature survival range —100 °C to + 65 °C

« Safety: Non-toxic

* Radiation resistant fluids

e Working pressure

High vapour flow velocities induce considerablegsige drops in the evaporator part of the
loop. Apart from the additional pumping power nekde circulate the flow, a pressure drop
also induces a temperature gradient in the sabur&timperature along the evaporator. Working
fluids with high liquid/vapour density ratios ateetefore unfavourable as they introduce either
large diameter piping in the evaporator or causgeldemperature drops. Another important
iIssue is safety. Non-toxic working fluids are preée in view of the amount of fluid required
(approx. 2 litre) and the Space Shuttle safetyireqents.

Candidate fluids for the two-phase pumped systemewvamong others; ammonia, carbon
dioxide, freon-like fluids. Ammonia is the most cmon working fluid used in satellite cooling
systems and has large flight heritage. Howevefaige liquid/vapour density ratio in the order
of 102-103 is unfavourable. Also the system saifety point of concern for system integration
and tests. Freon-like fluids also have the disathgenof having a high liquid/vapour density
ratios, in the order of 102. Other drawbacks aeelithited radiation resistance of some fluids
and the unknown behaviour of mixtures in micro-giemnment. Carbon-dioxide finally, has a
low liquid/vapour density ratio in the order ofd 10 ideal for low pumping power (< 10 W),
allows small tube diameters &3 mm), and induces only small temperature dropthin
evaporator (< 1 K). Additional advantages are thm/g@n radiation resistance (nuclear power
plant cooling) and the low toxicity of carbon didgi Although it has a high working pressure
and therefore a high design pressure (160 bar)onadioxide is selected as the preferred
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working fluid as it combines the advantages of Iltawicity, low temperature drop in the
evaporator and low pumping power.

5 TTCS System Description
The system lay-out for the primary loop is shownFigure 5-1. The loop lay-out for the

secondary loop is shown in Figure 5-2. The mairctionality of the TTCS loop is to transport
heat dissipated by the tracker electronics to tadiahat radiate the heat to deep space.

Primary TTCS
Component Box
(TTCBP)
Port side

Tracker + axils V TTCEP TCi4
13 % Am Dakas sensors _

13+ E@

AMS 02 TTCS Primary Loop

Issus P12.0
Updated by J. van Es.
Dake 17-08-2009

Weided connectisn

Flow Mater
ioresue seosor ] Tamina Bock
APS = Absohl e sure Sersor

Figure 5-1: Schematic of the Tracker Thermal Control System Primary Loop

For reliability reasons, two redundant loops wil implemented. In Figure 2-2, the layout of
the primary TTCS-loop is given. The secondary laop hydrodynamic complete independent
copy of the first one except that the tube lengtlthe inlet of the evaporator is slightly larger.
By following the loop routing in 2-1 and 2-2 theofpoperation is explained. At the pre-heaters
the working fluid temperature is lifted to the gation temperature. The working fluid enters
the evaporator with a quality slightly above zeeosuring a uniform temperature along the
complete evaporator. Due to the widely distributedt-end electronics the evaporator consists
of two parallel branches collecting the heat atlibttom and top side of the Tracker planes. At
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an overall mass flow of 2 g/s the mean qualityhatdutlet of the evaporators is approximately
30%.

The two-phase flow of both branches is mixed addteough the heat exchanger where heat is
exchanged with the incoming subcooled liquid. Bdhime heat exchanger the two-phase line
(red) is split. One branch leads to the conderegetise RAM heat pipe radiator and the other is
lead to the condensers at the WAKE heat pipe @adiat the radiators the heat is rejected to
space.

Secondary TTCS

Component Box
CBS)

Starboard side

rem (A
A e

7

same for P
condenssr

W TTCBSTORY  Sturt-up
Trackes + el ‘' TTCES TCHM adistor

AMS 02 TTCS Secondary Loop

(}—@ Cantifugai Pump
s s

Issue s120
Updsted by - J. van Es
Date 17-08-2008

Py vane

@ hemosta

O Sensws
LM = Liguidt Flow Meter
DPS * Difiemnial Pressure Sansor
APS = Absolule Pres sire Sersar

Figure 5-2: Schematic of the Secondary Loop

[EIRY EXY S

After the mixing point of the two radiator branchete sub-cooled fluid passes the
accumulator. By controlling the accumulator tempeethe evaporator set-point temperature is
controlled by Peltier elements (cooling) and heatdihe set point can be varied to avoid
extreme sub-cooling or operation with liquid tengiare just below saturation at the inlet of the
pump. A distinct amount of sub-cooling is requitedavoid cavitation at the pump. Behind the
pump the sub-cooled fluid is warmed up in the heahanger before it enters again the pre-
heater section.
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5.1 TTCSBreadboard and Engineering model results
To demonstrate the feasibility and show the abiitythe TTCS loop to adapt to changes in
environmental conditions a TTCS breadboard wasdbuihe results illustrate the TTCS-

operation.
Tracker thermal I/F temperatures (evaporators)
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» - ) o S — ~ o o . —— LigHX_in
el 25 500 17500 19500 21500 23500 25500 t:quii_(:L:;
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5
(] N HX Out \ —— WAKE-out
—_ \ .
% -10 4 < \\ /\ \\ Hx In 1212
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8— -15 o S/ \\ ‘ : To22
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— ( / ——Ti18
) / =
wake out \ / \ / / T
-30 \ / / HX-ap-out
35 / \\\\ // /
ol t RAM and WAKE heat sinks are forced
) a2l Ti [s] to thermal model radiator temperature profile
ime [s

Figure 5-3: NLR TTCS Breadboard result with a forced temperature profile on the radiators

In Figure 5-3 a breadboard test is shown. A realmperature profile is forced on the
radiators by cold plates. It is clearly shown tthegt evaporator temperatures are isothermal and
well within the required temperature band of 3 K qsbit.

Tracker thermal I/F temperatures (evaporators)
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Figure 5-4: Set point changes
In Figure 5-4 the result of a breadboard test wéhpoint changes is shown. The results show

that the evaporator follows the set-point changekthe evaporator stays isothermal.

The same
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results are repeated during the Engineering MoagelQualification Model phases of the TTCS
development. A complete Engineering Model loop wilth exact tube lengths and lay-out is
build at the Sun Yat Sen University.

Clean Room

Isolation

Power supply

Transport
tubing

TTCS Box

Isolation

Benchtop Climate
Chamber

Evaporator
Assembly
Walk-in Climate Chamber
Temperature controlled

5
S

Test Computer containing S/W for:
Heater control

Condenser cold plate control
USS T-control

Pump radiator T-control

Data Acquisition

L]
and Data Storage L
L]
L]

Figure 5-5: TTCS Engineering Model Test Set-up setie

-

Arofiex Insulation Material Specifications:
*Temperature Range: -57~125°C
sThermal Conductivity: 0.03~0.04 W/m/ K=

Figure 5-6: TTCS Engineering Model Evaporator
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Also with the TTCS Engineering model realistic tabitemperature profiles can be simulated
by nitrogen cold plates as interface with the coisées. An extensive test program has been
performed to verify Tracker thermal stability antoper control inp-g and 3D lay-out in
nominal and extreme environmental conditions (RDRD-18 & RD-19). In the figure below
the thermal stability is shown with large variaidn Tracker evaporator load.

2 ~ 400 EVAP bot 1
220w : 100w T I EVAP bot 2
EVAP bot 5
0 350 EVAP bot 6
] : ! EVAP bot 7
5:| : | 300 EVAP bot 8
: EVAP top 1
EVAP top 2
-4 250 © EVAP top 3
— - m EVAP top 4
— -
L v 5 B EVAP bot 3
= 00 EVAP bot 4
1 + % EVAP top 5
-84 L 150 EVAP top 6
EVAPtop 7
EVAP top 8
-10 + - 100 —— Accumulator
] —— PUMP_IN
-12 4 - 50 ——0FS
-14 = > = ; - > : . 0
2007-11-14 04:30 2007-11-14 06:00 2007-11-14 07:30 2007-11-14 09:00
Time

Figure 5-9: Tracker thermal stability under varying heat loads
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52 TTCSHardwarelocations
TTCS hardware is widely distributed over AMSO02 tasansports the heat from the Tracker at
the centre of AMS to the Tracker radiators locatedhe RAM and Wake top sides.

TTCS main hardware location RAM
P-Wake
S-Ram
Condenser P-Ram
Condenser / Condenser
Port side = AT -
P - ., ;
S-Wake i 1.7 P+S Evaporator
(Inside Magnet)
\\%&‘
= e +X
' Secondary
TTCSB
Primary
+Y

Starboard side
WAKE

Figure 5-10: Location of TTCS Hardware
Two complete redundant systems are integrated.Primeary loop is located on the Port side
and the Secondary loop is located on the Startsided Each system consists of the five main
components:

» Evaporators (2 per loop, one at the bottom and timeatop)

e Tracker Thermal Control Box (TTCB)

» Condensers (2 per loop)

» Transport tubes to connect the components

» Tracker Thermal Control Electronics (TTCE)

The heart of the TTCS loops are the Tracker The@witrol boxes. In these TTCB’s all
components to operate the TTCS loops are combifkd. TTCB are connected the AMS
Unique Support Structure (USS) on the Wake sidgdéthe magnet the TTCS bottom and top
evaporators located. These thin-walled (0.2 mm)3amin diameter tubes run at the bottom and
the top of the Tracker to pick up the heat and kdep Tracker stable (< 3K/orbit) in
temperature.
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TTCB
SECONDARY

TTCB

TTCB
SECONDARY

TTCB
PRIMARY

Figure 5-11: Location of the Thermal Tracker CohtBmxes (Picture by C. Gargiulo)
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Figure 5-12: Detailed views of the TTCB locations (Pictures by C. Gargiulo)

The heat is rejected at the Tracker RAM and Wakkatars by the TTCS condensers. Each
loop has one condenser on RAM-side and one on \Aldke The heat is further spread over the
complete Tracker radiators by ammonia heat pipes.

P-Ranmgondenser

S-Ram condenser — . ©

Figure 5-13: Location of TTCS condensers RAM (Pégtiby F. Cadoux)
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Wake Side
S-Wakesgondenser

P-Wake condenser

Figure 5-14: Location of TTCS condensers RAM (Pégtiby F. Cadoux)

The RAM and Wake condenser, bottom and top evapsrand the TTCB of each loop are
connected by transport tubes running along thecabrflange and the Wake side Vertical
Support Beams (VSB).

Figure 5-15: TTCS transport tube routing
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The evaporator loops inside are connected to tesport tubes by hydraulic connectors to
avoid welding needs to be done with a direct cagplia the tubes to the delicate Tracker
electronics. The Secondary loop has additional duyldr connectors at the box evaporator
connections. These connectors are used to attawimial TCS with cooling capacity during
AMS02 beam testing. This mini-TTCS is needed to/jpl® enough cooling capacity.

Figure 5-16: Location of the TTCE Electronics box on the Wake radiator

Both loops are operated by the Tracker Thermal i©@bElectronics (TTCE) located on bottom
the main Wake radiator (see also section 7).
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5.3 Components and functionality
In Table 4-10 all TTCS components are listed aed flunctionality explained.

Component

Function

Pump

Transport the fluid through the loop

lAccumulator

Regulate the evaporator temperatutiearracker
Account for the expansion of the working fluid

Accumulator Peltier elements

Regulate evaporawtipsint in all operation modes (coolin

9)

Accumulator heaters

Regulate evaporation set-froiait operation modes (heatin
Emergency accumulator heat-up in case liquid lemeperaturg
approaches saturation temperature (to avoid ceitat pump

)

Heat Exchanger

Exchange heat between hot evapanatet and cold
evaporator inlet. Reduction of pre-heater power.

Evaporator Collect heat at the tracker electroriib®& evaporation proces
provides the temperature stability required.
Condensers Remove the heat from the working fluithé radiators. The

condensing process makes the heat transfer effectiv

Absolute Pressure Sensors

Monitor the absolutspresnside the loop

Differential Pressure Sensor

Monitor pump presbess

Pre-heaters

Heat evaporator liquid inlet to satumgtoint

Start-up heaters

Additional heater for cold st@r{eff during nominal
operation)

Cold Orbit heater

Additional heater to keep thedemser temperature alsoCO?
freezing temperature (-3C) during cold orbits

Liquid line health heaters

Heaters to defrost thadenser inlet and outlet lines after a
AMSO02 power down

Dallas Temperature Sensors

Monitoring TTCS tempegat(by the TTCE)
Monitoring TTCS as part of the AMS overall GTSNIRa
sensor network

Pt1000 Temperature Sensors

5 Control accumulatordeahype
Control pre-heater on/off
Monitor cold temperatures on radiator and liquitk§

Thermostats

Keep heated components belowntrémum level required f
safety

TTCB foil heaters (non-flight)

Keep TTCB above -48C during AMS02 TV testing

Table 4-10: Functional design of the loop
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5.4 Thermal Tracker Control Box lay-out
Apart from the evaporators and the condensersTgiSTcomponents are located in the TTCB's.

N

e i

Figure 5-17: Primary TTCS box on port side of.-AM Picture by C. Gargilo)

II' |I d & I.', |I 4
i § i |
it

! Accumulator 0

APS

Figure 5-18: Secondary TTCS box on starboard sfd&\S (Picture by C. Gargiulo)
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The box contains the following components (Printaoyx numbering):
e 2 Pumps located on the start-up radiator (PMP 1P, 1BP)
e 1 Pump electronics controller box
e 1 Accumulator (ACCUP)
0 Accumulator control heaters Flight (HTR4aP, HTR4bP)
o Accumulator Peltier elements Flight (TEC1aP, TEC1bP
0 Accumulator control heaters Ground (non-flight) (RBaP, HTR8bP)
* 1 Heat exchanger (HX) with 2 integrated Start-Uatdes (SUP) (HTR5aP, HTR5bP)
e 4 Pre-heaters (HTR1aP, HTR1bP, HTR2aP, HTR2bP)
e 2 Cold Orbit Heaters (COH) (HTR10aP, HTR10bP)
e 2 Absolute Pressure Sensors (APSl1laP, APS1bP)
« 2 Differential Pressure Sensors (DPSl1aP, DPS1bP)
» Pt1000 temperature sensors
o Control Pt1000’s
= (PtlNaP, PtlLaP, PtlRaP,........ Pt5NaP, PtSRtRaP)
= (Pt1INbP, PtlLbP, Pt1RDbP,........ Pt5NbP, Pt5EiBRbP)
0 Monitor Pt1000’s
o Pt6aP, Pt6bP..... PtllaP, Pt11bP
« Dallas sensors (total 26 per box)
* LSS TTCB heaters (HTR9aP, HTR9bP)
e Thermostats (total 20 per box)

Most TTCB components are located on the TTCB béste pnder an aluminium cover.

Figure 5-19: TTCB-Primary final design
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The box cover and base plate sides are wrappediiti Mwyer Insulation (MLI) to insulate the
components from the environment. Titanium (therynadsulating) washers are used to reduce
also the heat leak to and from the USS. The TTG8psuare the single components not located
on the base plate. The pumps are located on aa$tait-up radiator. This start-up radiator
radiates to the back side of the main wake radiptoviding a lower temperature then the
TTCB I/F with the USS. This is needed to incredsedrbital time window for normal (liquid)
TTCS start-up. The pump temperature should thezefoe lower then the accumulator
temperature and the GG@ritical temperature (+33 °C).

MLI
Start-up white
painted radiator MLI
MLI

R

Figure 5-20: Schematic of MLI wrapped around the&CBI{Sketch by C. Vettore)

.

Ll

&-__

The detailed box assembly is shown in Figure 5l Figure 5-22 for respectively the Primary
box and Secondary box. More detailed informationtlo® box can be found in the TTCB
drawing packages (RD-21 & RD-22).
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Figure 5-21: TTCB-P box assembly (NLR detailedgtesi

Figure 5-22: TTCB-S box assembly (NLR detailedgigsi
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In Figure 5-23 and 5-24 pictures of the integrdtexles are shown.

Figure 5-23: TTCB-P box assembly on USS simulatdria vibration frame

Figure 5-24: TTCB-S box assembly front and bacé sid

In the following sections loop components are prestand the designs elucidated.
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5.5 Pump assembly

The most critical component in the loop is the puffipe pump provides the fluid flow in the

TTCS. Each TTCS-loop is equipped with two pumpsrémtundancy reasons. The location of
the pump electronics controller box and the pungshown below. The pump electronics
controller box is located near the pumps to minartise lengths of the pump cabling (“dirty”

high frequency signals).

PRIMARY

Figure 5-26: Pump Electronics Controller Box in TB®
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55.1 Pump design

Pacific Design Technologies (Santa Barbara, USAEldped the TTCS pump. The designed
pump is a single-stage centrifugal pump and basethe PDT Mars Pathfinder pump. The
pump housing is an all-welded design to cope with high design pressures and strict leak
tightness requirements. The pump performance cuamesather flat. This is due to the fact that
the pump has to operate in low flow rate area ¢Is¥ with rather high pressure heads 100-850
mbar. In terrestrial application a gear pump wdokdselected. In view of the life time TTCS
selected a centrifugal pump.

Figure 5-27: PDT Pump Engineering Model (QM and B similar)

552 System curve
The system curve as defined in the NLR breadboaog lare shown in Figure 5-28. The
calculated performance curve is shown in Figur®5-Phe nominal flow rate is 2 g/s.

System pressure drop

1800

I
Wake condenser closed
Liquid only (no evaporation) /.

1600

1400

1200

1000 / Ptotal=144Watt

/ .
800 /
600 / 7 Evap unbalanced
,/// PevapTop=144Watt
400 / PevapLow=0Watt

200
Evap dry-out below this flow

T T T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Volume flow [ml/s]

/ /
/ Nominal operation
e

Pressure drop [hPa]

Figure 5-28: TTCS system pressure drop (experimental data with TTCS Breadboard)
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The blue line shows the curve for nominal operatotih 144 Watt dissipated power on the
loop. The black line shows the pressure drop wite olosed condenser. The red line is the
result of an experiment with totally unbalancedpmrator branches. This means all dissipated
heat (144 Watt) is put in one branch. Downto a fl@fr2.7 ml/s no dry-out occurred in the
parallel branch. Based on this data the pump awgeirements were defined.

« minimum flow rate 1 ml/s and 150 mbar
« maximal flow 4 ml/s at 850 mbar

5.5.3 Pump Performance curve

1200

PDT Model 5059 Welded Configuration
Fluid: CO, at 0T

Inlet pressure 510 + 25 psig
Input Voltage: 28 Vdc

1000

800

600

Delta P (mbardP)

400 -

200

Flow Rate (ml/s)

[T T T T TTT
—— 7,500 rpm N
—=— 10,000 rpm| |
. —a— 12,500 rpm| |
~ —— 14,500 rpm| |
i —%— 5,000 rpm ||
A \X
i\\\
~—a |
Iy
\\\\‘\
|
——al |
\\\'\\\
—— il —
— N 1
K— | \\\\q)
%
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

9.0

Figure 5-29: Pump performance curves (QM Pump)

The performance curve as tested by PDT shows tfmp gan deliver enough pressure head.

55.4 Pump Specifications

The pump specifications are shown in below desigawihg. Additional to this the pump

should also:

* Be compliant with the AMS02 environmental requirerse
» Capable of operation in a magnetic field (140-133wss) (Hall-effect sensors)

« Be able to start-up in supercritical-vapour codis

NIVERSITE DE GENEVE
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The EM and QM pump have been tested in the fulp lbceadboard loop in Zhuhai (China).
The mass flow and pressure head for nominal enwviesntal conditions are shown below.

1st Loop, Norminal Case, 0°C, 5000rpm
On/Off Varying Pump Speed

—EVAP bot 1
——EVAP bot 2
—EVAP bot 5
——EVAP bot 6
——EVAP bot 7
——EVAP bot 8
——EVAP top 1
——EVAP top 2
——EVAPtop 3
—EVAP top 4
——EVAP bot 3
——EVAP bot 4
——EVAPtop 5
——EVAPtop B
——EVAPtop 7
——EVAP top 8
Accumulator
——PFUMP_IN
Acc_out
—— DPS_keller

DPS/ mbar

Temperature / °C

18 | 3000rpm

20 L L L 1 L N L 1 L L L 1 L Q
2008-1-28 01:00 2008-1-28 02:00 2008-1-28 03:00 2008-1-28 04:00

Time

Figure 5-30: Pump performance in EM Primary Loop

More detailed pump requirements can be found inZB@nd RD-24. Requirements verification
can be found in the Acceptance Data Package GF TGS pump.
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5.6 Accumulator
The accumulator is the control room of the TTCSslom the accumulator the evaporation
temperature in the Tracker is set. Each loop isppga with one accumulator. The set-point

control components (Heaters, Peltiers) are redurfdaeach separate loop.

Control heaters attached to a heat pipe

Figure 5-31: TTCS Accumulator with integrated Reliand heaters

Additional ground test heaters are located on thteom side of the Primary accumulator. For
the Secondary TTCB the ground control heaters acatéd on the top. This is due to the
orientation of the TTCB'’s during the AMS02 systeasting in the Large Space Simulator
(LSS) in at ESA ESTEC Noordwijk (The Netherland&)e ground control heaters are used in
hot conditions when the wick is not capable to eg-the wick around the heat pipe.

Figure 5-32: TTCS Accumulator Primary bottom vids¥t]
TTCS Accumulator Secondaryiep (right)



-64- )
AMSTR-NLR-TN-05-Issue03 N

NIVERSITE DE GENEVE

5.6.1 Accumulator Functions

Component Function

Accumulator Regulate the evaporator temperatutiedniracker
Account for the expansion of the working fluid

Account for the liquid front changes in the condegrduring
operation (incl. quality changes in condenser )ines
IAccumulator Peltier elements Regulate evaporatdpeint in all operation modes (cooling)
Accumulator heaters Regulate evaporation set-poiall operation modes (heating
Emergency accumulator heat-up in case liquid Emeperature
approaches saturation temperature (to avoid ceoritat pump)

5.6.2 Set-point control

The objective of the accumulator is to control &évaporator set-point and therefore the “cold
plate’ temperature of the Tracker electronics. Phiaciple is based on the property that a
pressurised (closed) system with liquid and vapmas the same saturation temperature and
pressure everywhere in the loop (neglecting flowspure drop differences). In the TTCS
accumulator vapour and liquid are present and ésntiain two-phase part in the loop. By
changing the accumulator saturation temperatusepossible to change and set the evaporation
temperature in the evaporator.

The actual set-point temperature control is perémoy heating or cooling of the accumulator.
The cooling will be performed by two Peltier elerteeelcor CP 1.0-127-05 L 2 in series. The
heating is done by wire heaters attached to agipatheating the centre of the accumulator.

The control is described in section 7.

5.6.3 Account for volume changes due to temper ature changes

Apart from the set-point control the accumulat@oahccounts for the volume changes (thermal
expansion) of the working fluid (G average temperature. The £quid density-changes
from the lowest average (hon-operating) temperataréhe highest average (non-operating)
temperature have to be taken care-off by the aclaioru At the lowest temperature the
accumulator should still have liquid G@ the accumulator and at the highest temperahae
accumulator should be able to cope with the eidqrad volume CQ.

5.6.4 Account for volume changes during operation

An accumulator in a two-phase system differs funelaaily from an accumulator in a single-
phase system. A single-phase loop accumulatorchasdount only for the thermal expansion.
In a two-phase other phenomena are present andrifluence on the accumulator operation.
Most important phenomenon is the change in vapolurwes present in the condenser. As the
condenser temperature change during orbit the léedcegondenser front (i.e. the front were all
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fluid in the condensers is pure liquid) changes.alBhe changes in the condenser front
immediately have effect on the accumulator level.

Increasing radiator temperatures/larger vapourmaehliin condenser

In case of an increasing temperature in the comisriie amount of vapour in the condenser
increases. As vapour density is smaller than ligi@dsity the same mass in the loop takes more
volume, resulting in a liquid flow from the loop tke accumulator. The accumulator should be
able to account for this volume.

Decreasing radiator temperatures/smaller vapowrmnves$ in condenser

In case of a decreasing temperature in the condetis® amount of vapour in the condenser
decreases. This results in a liquid flow from tleeuanulator to the loop. The accumulator
should be able to account for this volume.

Also the decreasing and increasing volumes in tlearaulator cause fluid in the accumulator to
condense and evaporate. The temperature contralidshe able to account for this changes.

5.6.5 Accumulator design and specifications

Although some Russian two-phase systems have flbitta,experience is available with two-

phase accumulators in space. The main design ngabeof the required G@wo-phase system

in space were:

« Keep liquid at the entrance of the accumulatoruoich vapour from the accumulator to
enters the pump

« Keep liquid attached to the wall where controlleeat the accumulator (avoid dry-out of
wick material)

* Pressure resistant upto the pressures preserd 0@hsystems 160 MDP

Figure 5-33: TTCS Accumulator assembly
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Based on TTCS system design information NLR defithedaccumulator size requirements and
concept design (RD-25). The China Academy of Speemehnology (CAST) translated the

concept design in a detailed design. Developmests tavere defined in close co-operation
between NLR, NASA and CAST. INFN made the bradkesign and SYSU performed the

thermal safety calculations as defined by NLR.

Liquid at the entrance of the accumulator

As the accumulator has to operate in space, oritkeomain challenges is to keep the liquid
present at the connection with the liquid linehdts to be avoided that vapour £éhters the
loop as it will damage the pump. To keep the tigtiattached” to the entrance of the
accumulator a wick structure is used around thagidighe entrance pipe. On top of that a fan
structure is used. The fan structure contains dmdiggid CO2 to provide the largest possible
liquid request in case of a Tracker electronicstdtwn. In that case all vapour in the
evaporator condenses and additional liquid is reeénléll the gaps.

Figure5-34: Liquid inlet pipe with mesh

Liguid attached to the accumulator wall

To be able to control the set-point in the accutounlbeat must be exchanged with the liquid in
the accumulator. It is therefore of vital importartbat the liquid is attached to the wallurg
conditions to avoid dry-out. This design challengeackled by using a heat pipe to heat the
internal CQ wick structure. By using a heat pipe no dry-out oacur as the heat provided to
the heat pipe will condense on the coldest spaidénthe accumulator. As soon as a part of the
CO,-wick will dry out no more heat (condenses) at togation of the heat pipe. Evaporated
CGO, is replenished by liquid from the surrounding wick

High design pressures
A special CQrelated design challenge is the relative high glegpressure of CO The
accumulator structure has to deal with these presswithout loosing the connection between

the wick structure and the container wall.

More detailed information on requirements and desan be found in RD-24 and RD-25.
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5.7 Heat Exchanger

The heat exchanger is used to reduce the pre-hgater during nominal operation. The heat is
exchanged between the exit and the inlet of the@edor. The heat dissipated by the Tracker
electronics is re-used for pre-heating in cold tstbfhe maximum required pre-heater power is
therefore reduced to 50 Watt (25 Watt per branch).

In Figure 5-35 the reduction of pre-heater of regglipre-heater power is shown by introduction
of a heat exchanger. The modelling is performed witSINDA-FLUINT thermo-hydraulic
model, calculating two-phase flow in the plumbing ane side and single phase flow at the
other side. The periodic change in temperaturaues td the environmental (orbital) heat flux
boundary conditions. The simulation is performedhwa low-efficiency heat exchanger and
therefore only indicative for the relative reduatiof power.

Pre-heater power

without HX
150

i \
\J'/ \J/

o

!

— M O = MWW~ A MW D = M
o+ NN N N MmO Mmm

37 1

with HX OpfE poston

Figure 5-35: Pre-heater power with and without heat exchanger
(modelled with low-efficiency heat exchanger)

Based on the simulations a heat exchanger was rédekicouild and tested in the NLR
breadboard loop. The technical implementation iswshin Figure 5-36, a plate type heat
exchanger with a cold passage for the subcooled &mid one hot passage for the evaporator
outlet. A plate heat exchanger is chosen for thl pressure design, the low pressure drop, and
the leak tight design. The contribution of the heathanger to the overall system pressure head
is negligible and in the order of 5 mbar at the-phase side and 1 mbar at the liquid side.

Error! Objects cannot be created from editing field codes.
Figure 5-36: Heat Exchanger 2-phase flow path
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The heat exchanger has 36 plates with 18 passagdwd-phase flow and 18 passage for
single-phase flow at the subcooled side. The flinwctions are such that the two-phase flow
enters from the top (resulting in a different ota&ion for Primary HX and Secondary HX).

Error! Objects cannot be created from editing field codes.
Figure 5-37: Heat Exchanger 2-phase flow path

The single phase flow path exits around the manftte stacked plates. After leaving the heat
exchanger this flow will enter the evaporator.

Figure 5-38: Heat Exchanger Engineering Model
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Figure 5-39: Heat Exchanger Engineering Model details

5.7.1 Heat exchanger design

The main design challenges for the heat exchanger a

» High pressure design (solved by choosing Incongl&2construction material)

» Leak tight design (all welded design)

* Operation inu-g

For the latter the number of heat exchanger plates/er-dimensioned. The measured heat
exchanger performance is excellent. This resulted feduction from the pre-heater power to
almost zero. Only in extreme cold cases 16 Watt 8V) pre-heater power is needed. More
information on the heat exchanger design can bedidu RD-26.

5.8 Preheaters

The function of the pre-heaters is to heat the cdded liquid to saturation temperature (i.e.
set-point) before it enters the evaporator. Ea@pesator branch is equipped with its own pre-
heater (see Figure 5-1) to avoid phase-separatitimeasplit-point to the evaporator branches.
This design allows therefore ground testing in redrdsMS-orientation. The pre-heaters wire
heaters are redundant and soldered to the evapbratech tubing on a small copper structure.
The control is simple on/off. The maximum requipgd-heater power is 8 Watt per evaporator
branch.
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Figure 5-40: Pre-heater assembly

e Material: stainless steel.

e OQuter diameter: 0.5 mm.

» Power supply: 28 V DC.

More details can be found in the TTCS heater doctiiR®-4. The heater

5.8.1 Pre-heater design
The main design challenges for the pre-heaters are:

e Connection with the TTCS-tubing
J SV
: m

i

= — z‘;"“ 2
\/ ) ,

Figure 5-41: Pre-heater implemented in the TTCB-P

5.9 Start-up heaters

Next to the pre-heaters also start-up heaterggkemented in the design. Function of the start-
up heaters is to heat the flow to the evaporatbme —20°C to avoid cooling the Tracker
electronics during start-up in cold orbit condison

During start-up deeply cooled liquid (-4C) is pumped from the radiator to the Tracker. The
start-up heater is able to lift the cold £ —20°C. The start-up heater is controlled with a
simple on/off control. The required start-up hederalculated to be 50 Watt and is located on
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the mantle Heat Exchanger. This is possible bectus liquid flow exits the heat exchanger
along the mantle. The start-up wire heaters aréesetl to the Heat Exchanger mantle and is
protected by thermostats to avoid overheating agltimg of the solder.

Figure 5-42: FM Start-up heater soldered to the HX

5.10 Cold Orbit heater

The cold orbit heater is introduced in the desigratoid freezing of the condensers in cold
orbit. The Sinda-Fluint modelling showed a 60 Wetater was provides enough power to avoid
freezing (RD-13).

Q

k\\_ __/’ﬂ\_‘__ ; = T e

Sl L et

Figure 5-43: _Cold orbit heater assembly

The cold orbit heater is a soldered design. A tlstat is implemented to avoid unnecessary
overheating of the heater assembly.
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Figure 5-44: Cold orbit heater implemented in TTCB-P
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5.11 Absolute pressure sensor
The function of the absolute pressure sensors msawitor the TTCS system pressure. As the

TTCS is a two-phase system the pressure is aldmeet aneasurement of the saturation (set-
point) temperature.

Specifications:

Range: 0 - 100 bar.

Accuracy: 0.5% FS.

Total mass: < 400 g.

Maximum dimensional envelope: h x w x b = 100 x ¥QDD0 mni.
Power consumption: <1 W.

Space qualified.

APS bracket
Al 7075 7351

“~Thermal washer
TiIBAI4V

Figure 5-45: APS Assembly

The APS is manufactured by CETC in China. Thekwticare designed by INFN and NLR.
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5.12 Differential Pressure Sensor

The function of the DPS is to monitor the pressimep over the pump. This pressure drop
monitors the pump health.

« Extreme low values will indicate dry-running (pumgivapour) or pump failure

» Extreme high values will indicate obstruction o tbop flow

The differential pressure also measures the loogsrflaw. This value is not accurate as it is an
indirect measurement and depends on the set-pngdrature and the condenser temperature
(environment). However terrestrial calibration obital conditions can give acceptable accurate
results. The measured value for the mass flow watl be used in flow control, only as health
indicator of the pump.

APS bracket
Al 7075 7351

Thermal washer
TieAl4V

Specifications

* Range: 0 - 1000 mbar.

¢ Accuracy: 0.5% FS.

e Total mass: < 200 g.

« Maximum dimensional envelope: h x w x b = 100 x QDO mni.
* Power consumption: <1 W.

» Space qualified.
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Figure 5-46: ImpIementePS

5.12.1 DPSdesign
The main design challenges for the DPS is:
« Low differential pressure at extreme high systeaspure

5.13 Temperature sensors

The TTCS uses two types of temperature sensors:

» Dallas DS 1820 sensors.

* Pt1000’s.

Dallas sensors are only used for monitoring. THEO®®'s are used for all low-level control
options and for temperature monitoring on locatiotere the Dallas sensors are outside their
temperature range.
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5.14 Evaporator
In Figure 5-47 to Figure 5-49 and overview of themorator lay-out is shown. The inner
diameter of the evaporator is 2.6 mm and the tetajth is 10 m.

Inner plane Outer plane
thermal bars thermal
E bars
s =
\\ RS
Bottom S
evaporator loops S

Figure 5-48: Inner evaporator ring prototype
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' '] outer plane
Tracker —-TTCS Inner plane .

connections evaporator rings
[l

evaporator rings

Outer plane |
thermal pars 2 Inner plane thermal
and hybrids = bars and hybrids

Inner plane silicon

TTCS-Evaporator

(2 circuits, 1 redundant)

Figure 5-49: Top evaporator

Heat collected at the inner tracker planes is parisd by thermal bars to the top and bottom
evaporator ring. In Figure 5-48 the tube lay-outdef the inner ring is presented, showing the
complex distribution of the tracker front-end efecics.

5.14.1 Evaporator design and manufacturing

The main design challenges for the evaporator are:

» Limited volume (small diameter, small thicknessimip

» Welding of evaporator rings (performed by an othitalding procedure)
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5.15 Condenser
The main function of the condensers is to dumpcihltected heat to the Tracker RAM and
WAKE radiator.

Figure 5-50: Condenser location on the heat pipe radiato

The vapour will condense at the set-point tempegatyhen all vapour is condensed, the liquid
will be sub-cooled below the saturation point (seiat). For pump safe operation a minimum
sub-cooling of 5°C is required. Each loop has two parallel condensane on the WAKE
Tracker radiator and one on the RAM Tracker radiafbie location of the condensers on the
heat-pipe type radiators is shown in Figure 5-3@ €ondensers are attached to the heat pipes.
The heat pipes will distribute the heat further rothee radiator in axial direction. A detailed
drawing of the radiator interface is shown in Fay6e51.

5.15.1 Design drivers
Due to the fact that CO2 can freeze and the rad@an become extreme cold (-120 C) the
condenser design is not straightforward. The masigh drivers are:
* Freeze proof design in cold orbit in accordancen MNIASA safety requirements for
pressurised systems
e Cover a temperature range of -120 °C to +65 °@dalifor connection between Inconel
tubes and aluminium base plate)
* Heat transfer capability in hot orbit
¢ Small to moderate pressure drop through the coedens
* Fit on the Wake and RAM tracker radiators
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5.15.2 Design rationale heat transfer

In order to optimise the heat transfer capabitityhte radiator the design needs look after:
» Sufficient heat transfer area
* Good thermal coupling between the condenser tudnibthe radiator

The sufficient heat transfer area is realised byumber of parallel tubes. Total 7 parallel
condenser tubes can be accommodated on each Hje.flahe area can further be maximised
by the length along the HP flanges.

The thermal coupling between the fluid and the atmdi plate is built up of several
contributions.

Main design challenge is to connect the Inconeldeoser pipes to the aluminium base plate.
The connection will be performed with MASTERBOND EHH DC-2LO glue in order to cope
with the CTE-difference between Inconel and aluommi In order to show the feasibility of the
connection with glue CTE testing was performed. Ndégigned a test sample and test set-up
and showed the feasibility.

5.16 Designrationalefreezing

The major design challenge was to cope with theadied freezing problem. In fact the freezing
problem is a melting problem. In case of a full AM8wer shutdown the temperature of the
condenser section drops below the freezing temperaif CQ (-55 °C) downto minimum
temperatures downto -120 °C. In case the condéwesds up in an un-controlled manner liquid
CQO; can be present in enclosures surrounded by saltd.Rising temperatures can then induce
high pressures. This was a potential safety risk.

The design solution chosen for this problem isoflews.
« Freezing is allowed in condenser part of the tubing
e This condenser part will be freeze proof upto maximmelting temperatures induced
by the environment (-5 °C) (RD-28)
e It will be shown that the rest of the TTCS tubindl wot be below the freezing point
(RD-14) of CO2 during the mission. So the normalCBITMDP is valid in all sections
except the condenser section.

In RD-7 the AMSTR-NLR-TN-039-Issue03 “TTCS CondenBeeezing Test Report” it is
shown that the MDP (Maximum Design Pressure) irctiredenser tube is 3000 bar based on a
maximum condenser temperature of -5 ° C. It was gt®wn that a small diameter Inconel 718
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5.16.1 Condenser Design

Finally Inconel hardened 718 tubing was chosen With= 3.15+0.05 mm, Di = 1+0.2 mm
which can withstand the 3000 bar MDP. The desigrmsists of seven parallel condenser tubes
meandering over a base plate. The base platetesdbeith 98 bolts to the Tracker radiator.

~__{6.1)ET5998-11

ET5998-11

Isometric view
no scale

Figure 5-52: Condenser assembly drawing

The condenser manifolds will finally merge the pitary tubes to one TTCS transport tube.
The location of the manifolds is located on thearpgcuum case joints as indicatedrigure
5-53. The manifold is a brazed connection and is brdmedne go with the hardening heat
treatment of the Inconel 718.
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The manifold also includes a simple wire meshfitteavoid blockage of the small condenser
tubes by contamination.

RAN
r WA
@,

TN

Figure 5-53: Location of the condenser manifoldsAdAS02

Figure 5-54: Condenser manifold detalil
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Figure 5-55: Condenser manifold locations detait{pre F. Cadoux)

The 7 capillary tubes are routed along theRiigure 5-53 andFigure 5-55) indicated radiator
struts. The total condenser tube length is appratéin 3.3 m

» Condenser tube length embedded in the condengeripla.49 m.

* Length from the manifold to the base plate “enteding estimated on 0.45 m

e Total 3.4 m
The condenser manufacturing has been performetDs Aaiwan based on a NLR design and
with NLR technical support and all under the logabervision of INFN (E. Laudi).

The main steps in manufacturing are:
* Tube cleaning
» Manifold brazing and Inconel strain hardening
» Proof pressure testing and He-leak testing
e Several gluing steps
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Figure 5-56: Condenser gluing

The final condenser will be attached to the Trac&drator on a Sifgraflex interface sheet.

5.16.2 Liquid linehealth heaters

Around the inlet and outlet tubes of the conderserso-called liquid line health heaters are
wrapped. These heaters are used to defrost thigl ligiet and outlet after a AMS02 power
down. In that case the condensers are frozen ahdfpthe inlet and outlets too. To avoid liquid
is created in the condenser plates right betweerfriszen inlet and outlet the liquid health
heaters are switched on first. This will melt th@ZC After this the Tracker radiator heaters can
be switched on.
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@

SEE NOTE 5 /7
I 1=7)

Nl

MULTI-LAYER INSULATION

TR S 1

Figure 5-57: Liquid line health heaters wrapped and the condenser inlet and outlet

Detailed information on the TTCS heater designlearfiound in the TTCS heater specification
RD-04.
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6 TTCSOperation and on-board softwar e functions

6.1 TTCSOperation, Monitoring and Control
In this chapter the TTCS operation of the AMS02ckem Thermal Control System is described.
The TTCS system comprises:

e Ground Segment (TTCS-GS) including the TTCS Ground Monitoring & Control $gm
e Space Segment (TTCS-SS) including a limited amount of TTCS software lochia the

JDMC and the TTCE firmware and associated on-bbardware.

An overview of the TTCS-SS and the TTCS Ground M@y3tem is given in Figure 6-1 below.

TTCS-SS
JMDC SV
TTCS Communication
TS P Manager
Ground - AMS -
Ops & Payload TM
Monitoring o | Ops& TC MDC-CAN IiF
System T Contral
CAN busses
TTCE-A TTCE-B
aP as hP hs
a ] a ]
equipment equipment equipment equipment
Primary Loop (PL) Secondary Loop (SL)

Figure 6-1: Overview of TTCS Space Segment and TTCS Ground M&C System.

The TTCS-SS comprises the TTCE A and B and theggirfoop and its A and B equipment,
the secondary loop and its A and B equipment, AedT{TCS related software running in the
JMDC.
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The current baseline for TTCS operation, monitoand control is:

TTCS-SS

C » TTCS Communication

™ Manager

A

™ TC

\
Operator TTCE
Low level functions

TTCS-SS is operated during real-time ground conta@ (ground-operator)
telecommands to the TTCS Communication Managetdoda the JMDC.

The TTCS-SS operation and control is monitored imgd via telemetry

TTCS control algorithms for on-board control loog® located in the TTCEs (only
very limited higher level control o/b)

Figure 6-2 Hierarchical software layering for TTCSS operation

The TTCS operation and control via on-board soféwaras follows:

High-level SW in JMDC in the TTCS Communication Naer: TM/TC management,
Mode Monitoring, 5% of all health guards (requiriother then TTCE data), command
and data I/F with TTCEs

Low-level SW in TTCEs: data acquisition, controbfoexecution, 95% of all health
guards, command and (tm)data, IF with TTCE-Manager

The envisaged TTCS on-board interfaces and dataifidthe JMDC is shown below:

AN buses

TTCE-B

Figure 6-3: TTCS On-board data flow
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The TTCS Communication Manager and the TTCEs corve types of functions:
* Fixed functions: functions that are always exe@itma way depending on their fixed
logic
« Commandable functions: functions that can be edatikabled, switched or configured
by telecommand. The status of commandable functi@bsrmine the command-status
of the TTCE-Manager and the TTCEs.
The Status (incl. health guards trigger statukps in status words.

6.1.1 TTCE-Manager functionsin IMDC

The TTCE-Manager has the following fixed functions:
» TTCS-SS Operational Mode status monitoring
* TC reception I/F with IMDC SW
¢ (tele-)command management
e (tele-)command I/F with TTCEs via JIMDC CAN commuation IF
e (tm-) data polling I/F with TTCEs via JMDC CAN conamication. IF)
* TM data I/F with IMDC SW
* Health-flag I/F with IMDC SW
e Health guards co-ordination between TTCEs if bofRiCE-A and -B are "On".
(optional TBD/TBC)

The TTCE-Manager Commandable functions are:
e Control loops: None
 TTCE-Manager located Health guards: run alwaygdirate, but can be
enabled/disabled
* (tm) Data Polling Tables: can be loaded and enéatikabled

The TTCE-manager functionality is very limited. Timain operation decisions are made by the
ground operator. System health is mainly lookedralfty health guards implemented in the
embedded TTCE S/W and will be send to ground bgadth bit.

6.1.2 TTCE S/W functions
The TTCEs fixed S/W functions are limited to commhaand data interface functions via the
CAN bus:

e The TTCE(s) sw handles commands from the TTCE-Manag

* The TTCE(s) sw respond(s) to the (TM) data pollieguests from the TTCE-Manager.
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TTCEs Commandable S/W functions comprise:
» Control loops (enable-/disable)
e Health guards (enable-/disable)
« Data acquisition and (tm) data collection functions
e Direct control by telecommand:
0 Accumulator Heaters/TECs PWM, Preheaters on/ofyt&ip heaters on/off,
Cold Orbit heaters on/off, Liquid line health hexgton/off.

VERSITE DE GENEVE

Control Loops; run always, at fixed rate, but canelnabled/disabled. Only two PWM controls
are present in the TTCE:

e Accumulator control loops (a, b, PL, SL)

e Pump speed control loops (a, b, PL, SL)

Health guards run always but can be enabled/didable

TTCE Sensor Data acquisition and (tm) data cobectiun always data-sets to be
acquired/collected can be set by telecommand.

6.2 TTCS Status monitoring
The current baseline is monitor TTCS status andS t@mmand statuses by status words.

The TTCE-manager will have status indications gmttimplemented) for:
e« TTCE-Manager PL & SL Health guards On/Off statusdgo
« Data Polling Tables (DPT) status word
* Health guards trigger status words

The TTCE embedded S/W delivers the following statdgcations:
* TTCS Status words
o active TTCE
0 active cooling loop
e TTCE-A &B PL & SL Control loops On/Off status
e TTCE-A & B PL & SL Direct Control status
e TTCE-A & B PL & SL Health guards On/Off status
e TTCE-A & B PL & SL active data acquisition/colleati sets
e Health guards trigger status
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Figure 6-4: TTCS Control Interface
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6.3 Operational modes definition in ground contr ol
The baseline design is that the TTCS-SS statetiknawn by the TTCE-manager. The TTCE-
manager only communicates (continuously) the statgsound.

Due to the open and flexible set-up of the in-odmimmunication and control by ground
commands it is proposed to define clear operatiomades before sending commands up. By
checking the status of the TTCS-SS the actual statde verified.

In the chosen redundancy concept for the TTCSFgpae 6-5, the TTCE-A interfaces with the
A (primary) equipment of the Primary and Secondagp. TTCE-B interfaces with the B

(secondary) equipment of the Primary and Secontieny. Both TTCE-A and TTCE-B can

operate the Primary and the Secondary Loop. Theayi Loop can be operated from TTCE-A,
but if Primary Loop A-equipment fails, it can alse operated from TTCE-B.

Even Primary loop operation with a combination ofAd B equipment with TTCE-A and B

shall be possible. The same holds for the Secoridapy

TTCE-A TTCE-B
. I/Fs . I/Fs
I/Fslprlmary secondary I/Fs primary secondary
oop loop
lo lonp
A-equipment| |B-equipment A-equipment| |B-equipment
Primary loop Secondary loop

Figure 6-5: Operation of primary (A) and secondary (B) equipment on Primary and Secondary
Loop
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6.3.1 TTCS-SS Statediagram.
The TTCS-SS operational modes can be representadimite state machine. States and sub-
states are defined in a hierarchical manner: 8tpdt the highest level of the state machine,

sub-states are defined as specialisations of thie general parent state.
/Highestlevelstate diagram ™

TCE-B TTCE-A&B
O ff 0
Power-B Phsr-B Power-A&B Powar-A&B
o ff on o ff

TTCE-B On TTCE-A&B On

Figure 6-6 Highest level TTCS-SS state diagram

The TTCS-SS states are defined from the view ofGneund Operator. In Figure 6-6 the
highest level state diagram of the TTCS-SS is dradthe highest level of the TTCS-SS state
diagram, it is distinguished whether: TTCE-A or THB or TTCE-A&B are On or Off.

It is tacitly assumed that the JMDC is On and tR€E-SS Manager is On. The Off states are
of no further interest.

* The TTCE-A On state is achieved by powering upith€E-A

* The TTCE-B On state is achieved by powering upith€E-B

« The TTCE-A&B On state is achieved by powering ugCEFA and TTCE-B

For the Primary and Secondary Loop the same high &ate diagram applies.

6.3.2 Operational modes
From the highest level state to the next lowestlleNagrams the TTCE “On” states are more
detailed into their sub-states..

Monitoring Operating Mode (MOM)
MOM Primary Loop MOM Secondary Loop
(MOM PL) (MOM SL)

Primary loop Secondary loop
On

Loop

Shut-

Start-up down
Mode Mode

Loop
Shut-

down
Mode

auto(hgrd) TC auto(hgrd) TC

Normal
Operational
Mode

Normal
Operational
Mode

Figure 6-7 Overview operational modes state diagram for active loop, TTCE-A or TTCE-B "On"
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These sub-states are called modes in the sequbkasonstitute the operational modes of the
TTCS-SS the operator experiences. This lower Istate diagram is shown in Figure 6-7. The
operational modes are those states of the TTCSARS®hich the TTCS-SS is operated,
autonomously by the TTCS-SS Manager or from theu@do All operational modes are sub-
states of the TTCE On-state. More information am dperational modes and scenarios will be
condensed in AMSTR-NLR-TN-021-iss02-draft “AMS02atker Thermal Control System
TTCS Operational modes and scenarios”.
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(NLR)
7 TTCSElectronicsand Control functions

The TTCS electronics is fully redundant for primand secondary loop. For the loop hardware,
pure cold redundancy is foreseen. The AMS Trackerial Control System electronics can be
divided into the following elements:

TTCS Flight system

» Control Electronics (TTCE) including Power Distritan (TTPD)

¢ Mission Computer (JMDC) with TTCS Communication Nger

e Ground Support Equipment (EGSE)

7.1 Block Diagram

N N
TTCE M P N
Tracker N A | PDS
Thermal (Normal) R
Primary Loop ]
(TTCBP)
TT-Crate
TTPD
CAN A
4 JMDCs
CANB (J-Crate)
Tracker
Thermal N TTB?E
Secondary Loop
(TTCBS) (Redundant)
N\

Figure 7-1: TTCS electronics block diagram

7.2 Control loops

The TTCS actuators are controlled in a two staggrobloop:
1. High level command & control (limited)

2. Low level control
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7.21 High level control
The high-level control will be an application onetdMDC. The high level control has the
following control allocated functional requirements
e Pump set point control
« Temperature set point and set-point change control
» Accumulator temperature

The pump speed is controlled at low level (see sextion). However set-point changes can
only be performed at high-level. The high-level toh loops determines the set point
temperatures and pump sp@bdnges.

Also the changes in the control parameters of low-level controls (e.g. pre-heater control,
accumulator control) can only be changed at highlle

722 Low leve control
The low level controls in the TTCS are
1. on/off control loops:
e Condenser liquid lines health heaters RAM and WAKE,
¢ Preheaters 1 and 2
e Start-up heater 5
e Cold orbit heater 10
The inputs into the heaters are either from
e CLOSED_LOOP: 28V on/off by control algorithm
«  MANUAL: 28 V on/off by manual (i.e. by telecommand

2. Pl control accumulator
e Accumulator PI control loop comprises heater faathey and Peltier element (TEC) for
cooling. The heaters are actuated by a filtered P@ukput ( O ... + 28 V) for heating
The TECs are actuated by a filtered PWM output.(#028 V) for cooling. Furthermore
the accumulator is equipped with ground test heater
The inputs into the heaters are either from
e CLOSED_LOOP: input into PWMs by PI control alghnt
¢ MANUAL: input into PWMs set manually (i.e. by telmmmand)
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3. Pump speed control
* The pump is controlled by a local rpm-controllecdted at the pump. The pump
controller also gives a feedback rpm-signal toTth€E.
The TTCE can change the pump speed by putting atogue signal to the pump
controller.
* Pump Speed Control (PDT)
Settings: pump speed
Inputs: rpm-value to pump (analogue signal)
Outputs: rpm to TTCE (for monitoring only, no féedk)
Remark: Details of the pump control can be foundh@ controller specification: PW82520
Radiation tolerant 3-phase DC motor torque corgrdiom DDC.
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7.3 TTCSHealth guards

Apart from the component control al$d@ CS health guards are implemented to secure health
(electronics within temperature limits, no cavibatin pump etc) of the system. The on-board
implemented TTCS health guards will be limited ke tdetection of potentially hazardous
situations requiring fast on-board response, duecirrect functioning of the TTCS.

The general purpose of the health guards is taabkigmforeseen behaviour of the TTCS to the
ground and to take action and bring the TTTCShealthier operating mode.

The TTCS on-board health guards will not compriiéufe detection, i.e. detection of which
failed component(s) might have led to the unsdteason.

Failure detection and recovery will be a task & @round Monitoring & Control system. The
Ground M&C system will serve to process telemetrg &0 monitor the TTCS-SS operational
behaviour and to do failure detection.

The following health guards are foreseen:

7.3.1 High-level TTCS health guards

Health guards are present at low-level and higklle¥he guards operating at high level
(JMDC) are:

e Overall Tracker Electronicshigh and low temperature health guard
Purpose: To provide an overall independent praiadaif the Tracker Electronics for
* too high temperatures, and
* too low temperatures,
outside the operational range of the Tracker Ebdeits, through switching off the
Tracker Electronics
e JMDC-TTCE communication outage health guard (in TTCE-M anager)
Purpose: Protect the Tracker Electronics for pdgdiazardous malfunctioning of the
TTCS, by switching-off the Tracker Electronics afte TTCE-JMDC communication
outage of more than TTCS_JMDC_Com_out_durationtlimé +10 (TBC) samples
e Condensersfreezing health guard
Purpose: Prevent freezing of the condensers, bytoning relevant temperature sensors (at
condenser outlets and/or (better) on radiators,aderting the TTCE-Manager to command
the PDS to power-on the 120 V survival heaters.
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7.3.2 Low level health guards
Currently the following health guards are foreseen:

Health guard | Full Health guard name
number
hgrd 1. Level_1 Pump inlet subcooling margin health guard
hgrd 2. Level 2 Pump inlet subcooling margin health guard
hgrd 3. Working temperature out of Tracker range healtéwrdu
hgrd 4. Preheaters temperature too high health guard
hgrd 5. Condenser lines health heaters RAM temperaturéigdohealth guard
hgrd 6. Condenser lines health heaters WAKE temperataréitgh health guard
hgrd 7. Low pump speed health guard
hgrd 8. Accu ground test accu heaters temperatures too léiglth guard

Table 7-1: List of low-level health guards

Health guard 1

Level 1 Pump inlet subcooling margin_Y:

Hazard

The liquid temperature at the pump inlet may con@ses to the saturation temperature
belonging to the currently set system pressurefeatpre, such that, if the inlet temperature
would further increase,, cavitation at the pumptiméould occur.

Pur pose of the health guard

The purpose of this health guard is to signal #ifisation by setting the hgrdl health bit to
Not_OK and to let the health guard action executiwmrease the accumulator setpoint. The
accumulator temperature setpoint is increased, thatlthe saturation pressure is increased and
cavitation is prevented.
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Health guard 2
Level 2 Pump inlet subcooling margin_Y:

Hazard

For some unknown reason (e.g. heaters are inadiyetandue to manual operation error, or
due to a hot environment the return liquid temperaincreases faster than the accumulator
setpoint) the pump inlet temperature comes clossatoration ( < level 1 subcooling margin)
such that cavitation at the pump inlet occurs.

Pur pose of the healthguard

The purpose of this health guard is to signal Hiigation via the health bit and to let the
healthguard action execution disable the follwirggters, start-up heaters, cold orbit heaters,
preheaters and condenser lines health heaters.

It has been decided recently that the pump willbeswitched-off by this healthguard, in this
situation. This could be done by ground commartdefsituation persists.

Healthguard 3

Working temperature out of Tracker survival range:

Hazard

1. At start-up the liquid flowing through the evaparat may be too cold for the tracker. If this
is the case the start-up heaters and the pre-heafeff control loops will be active. This
mechanism might fail for some reason or initiallyght not immediately be capable to
achieve the minimum survival temperature of theckea Electronics (-20 °C).

2. The accumulator temperature may become too highbeapuse of an accumulator control
error, leading to a too high evaporator temperaamd higher than the upper Tracker
Electronics survival temperature ( + 20 °C).

Pur pose of this health guard

This health guard health bit will indicate if thguid flowing through the evaporator is out of

the Tracker Electronics survival temperature ramgeot.

Healthguard 4

Preheater stemperaturestoo high_Y

Hazard

The temperature at the preheaters is too high (fjrigher than saturation), e.g. because there
is no liquid flow.

Purpose of health guard

Indication of the preheater temp is too high vialthebit and to let the health guard action
execution disable the preheaters.
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Healthguard 5

Condenser linesRAM health heater stemperaturetoo high

Hazard

The temperature of the condenser lines health teeR#&M becomes too high.

Pur pose of this health guard
Signal the too high temp situation via the healttahd to let the health guard action execution

disable the condenser lines health heaters RAM.

Healthguard 6
Condenser lines WAKE health heaterstemperaturetoo high
Hazard

The temperature of the condenser lines health te2AtAKE becomes too high.

Pur pose of this health guard

Signal this situation via the health bit and totle health guard action execution disable the
condenser lines health heaters WAKE.

Healthguard 7

L ow pump speed healthguard:

Hazard

The TECs dump their heat in the liquid lines, whictght lead to local overheating or boiling if
there is no or little flow. This has occurred dgrioreadboard tests and should be prevented by
health guards.

Also preheaters, start-up heaters and cold orlzitehg shall be disabled when there is no or
little flow

If preheaters, start-up heaters or cold orbit hreate/off control loops are in CLOSED_LOOP
while there is low or no pump flow, the on/off caitloops can not keep the temperatures
locally at the setpoint as the used temperatursossrare not located near the heaters and the
on/off control loops hence can only function whieere is sufficient flow

Purpose of this health guard

Signal that the pump speed is low via the healtlamd to let the health guard action execution
disable operation of TECs, start-up heaters, pegeine and cold orbit heaters if the pump speed
is below a certain value.
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Healthguard 8
Accu ground test heater stemperaturestoo high_Y
In addition to the above health guards, there isdditional safeguard which is only useful

during the use of the ground testing heaters.

Hazard
For ground testing the accumulator is heated byrgidest heaters mounted on the accumulator

body and not by the heaters on the heat pipe.
Temperature at the location of the ground testdnedtecomes too high.

Pur pose of this safeguard
To signal this situation via the health bit ands&deguard the system for too high temperatures
and pressures, by letting the health guard actienwion disable the ground test heaters.

More information on the low-level health guards dae found in the TTCE software user
requirements document RD-28.

The high-level health guards S/W and the grounditong S/W to define/detect the TTCS-SS
state and a S/W manual for in-orbit operationilktstbe further developed.
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8 TTCS Development Philosophy

For the development of a fully compliant TTCS witte system requirements, the following
Model Philosophy is proposed (see Figure 6-8-1). dest reduction the Breadboard Models
(BBM) and Engineering Models (EM) and the Qualifioa Models (QM) and Flight Spares
(FS) have been combined into on model.

o Breadboard Model (BBM) / Engineering Model (EM)
0 Qualification Model (QM)/Flight Spare (FS)
a Flight Model (FM)

BBM/EM

QM/FS

FM

Figure 6-8-1: AMS TTCS Model Philosophy

When the performance tests on one of the EM (sst®Bys are completed the manufacturing of
the Qualification Model (QM/FS) will start. The QWS is fully similar to the Flight Model
(FM) and will be subjected to a qualification pragme (EMC, Vibration & Shock, Thermal
Vacuum). The QM/FS subsystems will be stored aghFlSpare. After successful qualification
of the QM/FS the Flight Model manufacturing will tarted. The FM (sub)systems are
subjected to a functional check prior to integnatio the AMS overall system.
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NLR SYSU SY SU/NL
R
System level EM QM FS FM Resp. Remarks
TTCS (complete system) Y - - 1 NLR
(Sub)-System EM QM FS FM Resp. Remarks
TTCS-P Box 1 1 =QM 1 SYS
TTCS-S Box 1 - - 1 SYS
Evaporator subsystem Y% % - 1 NIKHEF
Condensers 1 1 =QM 4 NLR
TTCE 1 1 1 1 AMS02
Component EM QM FS FM Resp. Remarks
Pump 1 1 1 NLR/SYS
Accumulator 1 1 =QM 2 SYS/NLR
Heat Exchanger 1 1 =QM 2 NLR/SYS
Absolute Pressure Sensors 2 Y. =QM 4 NLR/SYS
Differential Pressure Sensar 2 2 =QM 4 NLR/SYS
Pre-heaters 4 4 2 8 NLR/SYS
Start-up heaters - 2 = QM 4 NLR/SYS
Cold orbit heaters - 2 =QM 4 NLR/SYS
Liquid line health heaters - 2 = QM 8 NLR/AIDC
Dallas Temperature Sensors - 42 32 84 SYS Divinleal
Tracker, box
Pt1000 Temperature Sensors - 30 15 60 SYS Control Pt 1000
Control
Pt1000 Temperature Sensors - - 15 24 SYSU | Incl. Additional
Monitoring radiator Pt1000’s

Table 6-2: Number of items under test for each model (the italic red humber indicate if QM parts

will be used as FS)

S
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Detailed cabling information see RD-30
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Appendix I1: TTCSOrbital datainstalled on 1SS

Run cases Screening
PRESENTED In this Beta rank
document Angle Attitude Suggested | TTCB-P | TTCB-S | RAM Rad | RAM Rad | WAKE Rad | WAKE Rad | Rad Avg Delta T
Peak Avg Peak Avg
Env 27100 27200 81103 81103 82103 82103
1 75 -15-20-15 - H1 H5 H1 H1
2 75 -15+00-15 H2 H2 H2
75 -15+15-15 hot H3 H3
30 +00-20-15 cold C4 C2
0 -15+15-15 C1
0 +00+00+00 Cc2
-75 -15+25+15 H1 4
75 -15+25+00 H4 2
75 -15+15+15 H2 7
60 +15-20+00 Cc1
30 -15-20-15 H1 H7
3 75 +15+15+15 C1 C1 1
75 -15+25-15 H6 c4 c2 5
30 +15+25-15 H1 H3 H4
-30 -15+25+15 H2 H2
60 +15+25-15 H4 H1 H7
75 -15+15+15 c2 c2
4 75 -15+00+15 C6 C1 C1
5 75 +00+00-15 Cc9 C1
6 75 +15+00-15 C6 C5 Cc2

Table 8-3: Extreme cases selection for operation

Notes: Hn means theé'mottest case, Cn means tiecoldest case.

Delta T means the largest temperdiffierence between the two radiators.
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Appendix IV:TTCS Structural Verification Requirements Summary

A. Structural verification for flight components:
Ultimate load = Ultimate factor of safety x Limadd
Yield load = Yield factor of safety x Limit load

Al: The “Ultimate load” is the maximum load, whitche structure must withstand
without rupture.

A2: The "Yield load” is the load, which the struotumust withstand without permanent
deformation.

A3: The “Ultimate factor of safety” (FSu) and théiéld factor of safety” (FSy) are the
safety factors needed to calculate the “Ultimatd8 and “Yield loads.” These
factors are:

Table 1:
No static testing required:
FSu=2.0
FSy=1.25

If the structure is static tested factors of satety be reduced to:
FSu =1.40
FSy =1.10
A4: The “Limit load” is the maximum load expected the structure during its design
service life. A simple way of defining the limitdd is according the method from
document: JSC 20545, Rev. A.

Limit load = Load factor x Weight

The load factor is according to table 2.
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Table 2:
Component weight (Ibs.) Load factor (g)
<20 40
20-50 31
50-100 22
100-200 17
200-500 13

These load factors should be applied in any axth wiload factor equal to 25%
applied to the 2 orthogonal axes simultaneously.

A5: All the hardware needs to have a first resordnequency higher than 50 Hz, than
no dynamic tests are required. If the resonanapiéecy is lower than 50 Hz but
higher than 35 Hz, a sine sweep, smart hammer dahtesting is required.

B: Structural verification for pressurised systems:
Ultimate pressure = Ultimate pressure factor x MDP

B1l: Where “MDP” stands for “Maximum Design PressurglDP for a pressurised
system shall be the highest pressure defined byntAgimum relief pressure,
maximum regulator pressure or maximum temperature.

B2: The “Ultimate pressure factor” is a multiplyifector applied to the MDP to obtain
ultimate pressure. Pressurised components are tdebgned to the following
factors of safety.

Table3:
Lines and fittings: Burst Proof
Diameter <1.5” 4.0 1.5
Diameter =>1.5" 2.5 15
Other components 2.5 15

B3: In case of a pressurised system, the loadsdamg the ultimate pressure needs to
be added to the ultimate load caused by vehiclelaation.

B4: To test the system for evidence of satisfacteoykmanship, a proof pressure needs
to be applied.



- = e
D G N -110- =)
& & N.|I.I'LE3F
NLR) +g A= S AMSTR-NLR-TN-05-Issue03 &FN veRsITE DE GENEVE

Proof pressure = Proof factor x MDP

The proof factor is determined in table 3.
Pressurised components shall sustain the proof symes without detrimental
deformation.

C: Fractureanalysis:

C1. Pressurised components or sealed containetshéve a non hazardous Leak-
Before- Burst (LBB) mode of failure may be classifias low risk fracture parts.

C2:. To classify mechanical fasteners as fail-gafeust be shown by analysis or test
that the remaining structure after a single failof¢he highest loaded fastener can
withstand the loads with a factor of safety of 1.0

C3: Components in a sealed box do not need stalctarification when it can be
proved that the released parts are completely swmdaand will not cause a
catastrophic hazard.

C4: All fasteners larger than M3 (US #8 and ab@re)subject to NASA structural testing. It is

recommended to use NASA provided MS- or NASA- fasts.
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Appendix V: TTCE Embedded S/W code

File TTCE_Data_Typed.txt
& February 2008
FM/F5

TTEC-A has Togical address 60, TTEC-8 has 'Ing'ic.:.'l address 6D

Data Types:
1. =01 Read Fing
2 %03 write -Start Erase Flash Sector
3. =05 Read Erase Status (HOT TWMPL EMENTED)
4. =06 Read MERory
5. =06 wWrite Memory
B. x15 Write Start DS Scan
7. x15 Read D5 Scan Status
8. x16 Read D5 Contral Register
o, zlE wWrite D5 Control Register
10. x17 Read D5 ID Table
11, =17 wWrite DS ID Tahle
12, x1B Head D5 Temperatures
13. L] Read FE1000 Temperatures
14. =15 wWrite FPE1000 Redundancy Control
15, =LA Read Fressure Sensors
16. =07 Write 28V Control
17 =07 Read 28¥ Control
18. =08 Write Pupp Contral
9. =08 Aead Pump Contral
20. =0% wWrite PwM Control
21. 0% Aead PwH CTontrol
22, =03 Write Execute Configuration File
23. xlB write Delay LD msec
24, =04 Write Loop Contral
25. =0a Read Loop Contral
. xlL Read Fing
Request Data: Length O - 8191 bytes
Reply: Length @ - 8191 bytes, the same Data as in the Request
2. k05 write Start Erasé& Flash sector .
Regquest Data: Sector Number (0aD - 0eF), one irftu only four LSbits wsed
Reply: Done iF Flash erase was started, aborg 1F |r1 Eunfig.urntinr: File
3. x5 Read Erase Status NOT IMPLEMENTED
Status of the srase sector mmber N ration can be found
ruad'ihg mepory at address (alm000d, e erase sector operation
has beiEn completed two consecutive reading data were egual.
Ao xlE Read MEnnry
Request Data: Bentl, BentD, Adde?; Addrl, addeQ
Bcntl & Bentd - Mumber of bytexz to be read can be 0-E187
addr2 & addrl & addrl - 21 bits mesory start address
Reply: Bontl, Bcntl, Addr?, Addrl, Addr0, semory data
L ull Write  Menory
Request Data: Bontl, Bontld, Addr?, Addrl, addrd
acntl & 8cntd - Mumber of bytes t0 be written, can be 0-B186
addr2 & addrl & Addrel - 21 bits mesory start address
Reply: Done if success, clse Abort
6. uls write Start DS Scan
Request Data: one byte, biti-»D5 Busl, bitl-»DS Busd,
bitl-=p5 Busl, bitd->05 Busl
Roply: Dooe
7. kl5 Read D5 Scan Status
Request Data: MNone
Reply: Status in four Lshits, NDsO, wosl, Nos2, and wDs3
K0Sy - mmber of Dallas Sensors found at Bus x
B. k16 Read 05 Control Regdister
Request Dati: Nn-ni
Reply: one byte, four Lshits with DS Bus Emable
9. wlf write D5 Control Register

Request Data; one byte, four DS Bus Enable LShits
Reply: Done
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10.

1.

12,

13,

k17

xl7F

xlE

k13

Read

wWrite

Read

D5 Ik Table

Request Data: ome byte, only 2 LShits, Bus sumber
Reply: one byte Bus Mumber, B x NDS bytes - D5 IDs
KOS - number of Callas Sensors

05 10 Table

Request Data; ome byte Bus Number, B x WNDS bytes - DS IDs

Reply: Daone

D5 Temperatures

Request Data:

Reply: one byte Bus Number,
Teo byte per D5

First hyte = si
e: Bshit = 0
4 Lshits = T in 1/16 of *C
If Secomd byte Mshit = 0 then T[°C] = First byte + Secomd byte/16.0

S

ang byte, anly 2 Lshits, Sus Mumber
% NDS Temperaturs

d char,

PELID] Temperatures
Request Datas
Reply: 44 bytes, 2x1l Prims Loop, 2xll Secondary Loop Temporatures

Two te

Second

per T

Kano

First bg%: = signed char,

T names

FLOL P
PEOZ_P
PEOI_P
PEOd_P
FEOS_P
FLO6_P
PEOT_P
PEOE_P
PEOG_ P
FEl0_P
FEll P
PtOl-S
Fti2_s
FEOI_S

Bits:

second
7.6

BEEEEES 555 7EEBEEBA5445

AL PR T LT L EEEE T

i

(-
o t = 1 -» Erfrar,

9 5
te: 4 Lshits = 1/16°C, kit § & bitd Redondancy Control CRCYH,
bit? & bith vore Result {vR)
RC. = QD-s0CN), 01-»1(L). 10-=2(R). 1l-»vote
VR = 00-»0{W}, Dl-»L1{L}, 10-»2(R}, 1l-»I1le
TL'C] = First byte + (Second byte & DudF}/1
Order of T values in reply:
e
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There are a1l PLI000 readouts (ADC) in SRAM starting from address Ox050000
To read ALl FE1000 sensors, data typo Read Memory should be used.
PELIO0O readout (ADCY 9% 12 bits in two bytes:

First byte = D000 & 4 mshits
Sacond te = L5H

REFD, REFl, REF! - Precision resistor readout corresponding T=0°C

T[" E] - {P'rl.ﬂﬂﬂ readout - REF readout) 16.0

REFD = reference for sensor i at address OuD50000 « 6%

REF1 15 reference for sensor i at address Ox050000 + 6%F + 2

REF? 1z reference for sensor | at address OxD500D0 « 6% + 4

where i from 1 to 23

NC - Not Comnnected to PTLIOO

PENNZF{S}: WM - sensar mumber, Z = 0, 1, 2 {or N, L, A} redundant sensors
Z = _ not redundant sensars

REFD T 050000 REFL T3 2 REFZ 030004
FEOLF  (m050006 FrOllr  Ox053(M0E PYOLZF  OxO50004
FtO30e  (m05000C PrO21r  OxO05000E PHO22F  OxO050010
Ft0I0F  (mO50012 FIOILF  Ox050414 Pt03ZF  OxO50016
Ftdde  (x05(018 FrOdlr  Ox05(HKA Pt42F  Ox05001C
FtO30F (=05{01E PEOSLF  Ox05(M20 PtO32F Ox050022
FtO6 P (=050024 PrO7_P (x03MZ6 PLO&E_F OxO50028
FLOS_F w5002 Fri0_F  OxO53042C Prll P Ox05002E
ML (050030 M Ox 050032 N Tr030034
FEOLDS  (w050036 PtOlls  Ox050038 POl2s  OxO30034
FEOXFs  (w05H03C FE03ls  Ox05M3E P05  OwO30040
FEOME  (w050042 FtO3ls  Ox050044 PtO32s  DxO30046
Fridds  (w050048 Frldls  OxO5004a P45 OOF004C
FrO¥s  (x05004E FtO315 ﬂxﬂ';MSE PtO32s  OxO30052
FEOG_ S  Owl30 54 FrOT_5  (u05005 FOE_5  OxO50058
PEDS 5 (m050054 Ftl0 s OxO50M5C Ptll 5 OxO5D05E
ML 05360 ML T 5{HG2 WL D05 0064
NC Tu030066 ML 0568 N D05 DA
ML T 05006 Wl M0 5GE KL Ox030070
NC Tu030072 ML 050074 N Ox030076
ML ggiﬂﬂ;& Wl ﬂxgiﬂﬂ?ﬁ KL g:g%%g
NC E NC L LR
[ EIEES‘ ML Eumg W Tx03003E
i x5 8A M Tx03MHBC WL Tx03008E
14, 1% write FLI000 Redundancy Control ,
Request Data: One byte per Redundant Temperature Measdcement Point
ﬂnp'l;é Done

can from 1 to 10 Data bytes .

bitd & bit2 & bit]l & bt =pddress, 0.9 valid

bits & bitd = 0D-»0(M), Ol->L({Ld, 1D->2(r). ll-vote
15 Kl Read Fressure Sensors

Aegquest Data: None

Reply: B bytes, APS_F, DF5_P, AP5_3, DPS_5

Tao byte per pressure sensor

First byte = 8 Msbits

Second o: bitd & bit2 & bitl & bitd = dLsbits
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28V Control

Request Datad 8 bytes

Reply: Done

There are 16 different heaters each powered by 28V throwogh two
switches (E, W) _connected in sarjes.

There 15 contral bit for each switch. Control bit = O - switch is OFF,
control bit = 1 - =witch i1 o8

control bit can be set according rule:

If (write Enable bit == 1)} then Control bit = Sat vilue

Switch Sat value write Enable bit
name byte & bit bvte & bit
E_LLW_F (1] 0
E_LLR_F
E_FRL_P

e e e e B e B UL LU e e e e D D N
e L B et

CILILILILILALILT  LALTLILLALALALY R R R RO RO R e o b B P
LN B P S e L B el R

S B R S L Bl b Sl B e L R e

e YL e P B Yl P B

There are & regulated vnlrﬂgc CPaM]) Toads powered by 28V through
one switch each and 2 pump JBV switches

Switch Set valie write Enable bit
bByte & 3'it 11'-'1‘§ & bit

;

cennpmmm
TTHEERER
llﬂl | I
winmoo
eSS
el 0 L B L
e e e e e
L e sl 5 B
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17, x07 Read 18 Control
Request Data: Kone
Reply: 5 bytes with values of Control bits for each switch:

Switch Controal bit
name byte & bit

=
=
k]
PP TIPS PO P Fa e e e £ D £ S

AR

mmm
| IEI |
L B B R B e B P S N Bl b b B L e L e 2

e e Bl B B B Al A LA L L L

I-vl-vlr"
nea-n

13, xiE write Pump Control
Request Data: 2 byte
ﬂ:g‘ly: Dane &
ayte 0 SCV_F Speed Control voltage for Pump in Prime Loop
Byte 1 SCv.S§ Speed Control voltage for Pump in Secondary Loop
Control voltage v = 4096 * {50 Code / 2561 [ov]

19. wiE Read Fump Control
Request Data: Mone
Reply: 6 bytes

Byte
SCN_F (1]
BCV_S 1
FPS_P Bushits 2
PPs_P  dishits 3 (bit3 & bit? & bitl & bitld)
PPS_S BHshits 4
FP5_5 dLshits § (bit3 & bit2 & bitl & bitld)

5C¥ - Speed Control wvoltage
PPS - Pulis per seoond
Punp speed (RPM) = PPS S 3.0 * &b.0
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20.

.

22.

kil

k0%

=03

write P Control

Request
Reply:

Data: fros

Dane

2 to 12 byte

Tun tt:. per PaM controller

Address {0_-

5 walid)

Bytel - DOV Duty Cycle Value
P controller output is O (OFF) iF DOw={
Duty Cycle 20.6% if DOv=255

Ad

T

Read PH Control
Request Datd: Mone
Reply: & byte

e

-v
1A B P S

dress

-
bl

write Execute Configuration File
'H.n:qsn!sf Data) Mone

: Done 1f En'mhguru.ﬂnn file execution complete,

abort if configuration file check sim tedt error or recursive execution

The Log file comtains execution details.

Contiguration file should be written into flash memory starting from address OscLOD000
it 1% Tlash sector &07.

Contiguration file format:

Riguest
Rogquest
Rbguest
Roguest
Roguest
Rbguest

Log File format

REquest
Request
Request
Request
Statues

Request
Request
Riquest

length MsB
Tength LSE

Data Type
Data

Tength MSE
length LSB
Data 3
Data B

in mémory

Tength M5B
Tength LSB
Data Type
Data

Tength M5B

Tength LSB

Data Type
ta

Request Da

STATUS
D0
000

4/ First reguest

A Tast reguest

£ zero length
£ configuration file Check Sum

starting from Ox0a0000) :

Jf First executed reguest

S5 roquest execution staties

S0 Tast executed reguest

Ff request execution status

Status = 0 if reguest done, status = 1 §f request abort
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configuration file is executed whon:
L. TTCE was OFF and power (28v) is applied to TTCE
2. TTCE receives Execute Configuration file request (0x03)

configurations file execution actions:
Jf check Sum test. XS5 is unsigned 16-bit, memory( ) is unsigned char

address = 0x100000;
CES = 0}
a4 CKS = CKS & memory(address) + memory{address «+ 1)

Tength = 256 * nennr;l:a:ldrns:} v memory{address « 13;

address = address

if ['Irngth B ﬁl & address < Oxl0alood) {
for (i=0; i<length; 71++; addresss+) CKS = O05 & memory(addiress)
goto aj

If (address »= Ox10400000 abort;

If (CES |= 256 * memary(address) « memory(address « 1)) {
sbart ;

/) Execution

address = Ox100000;
Tog_addr = Ox040000;
b 'I-:n gEh = 256 * mnry(l:ld.rr:.:} ¥ umr}-fuﬂdr\e.s 13
?Izngth e 0 & addréss < 010400007 {

mmory 1o ddr) = menory(address) ; Jf copy request Tength to 1
lumri&'luﬁddr 2 1) = mr:l'nr\' {addrcss + 1); 4 G g il
og_addr s 23

ress = address + 23
ruqur:t = address:
for [(i=0; f«1 tru. Feat 0 addris; addressse) /foopy reguest to log
mennry ( log_ mr} = memory (address);
result = EXECUTE(length, request, WRITE); //force abort for READ request
IF (result == abart] mry?un-g_ldd.r] = 1; else memory({log addr} = 0;
Togoaddr = log addr = 1)

' goto b;
done
23 =1B write Delay 10 msec

Reguest Data: None
Repl bone after 10 mzecond
Can ;e used in mnflgura.Hnr: file to provide delay betseen operations
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24, wilA, wWrite Laap Contral
Request Data: from 2 to 128 bytes
Reply: Done
Teo bytes per parameter
Byted - address {0...63 valid)
Bytel - Parameter Valuoe

25; il Read Loop Contral
a.nquuf Data: Mone
Repl 64 bytes
one byte per paraneter
Read only bit/bytes marked RO
Read and Clear bits marked RC

Farameters for Primary Loop (D - xlF)

=00 Control bitsi-dcrange;, T:heat RO, I;FG, Litest, D:pi_enable

%01 Set_point bits5-0: acr_l.u'rl.l'!a.tnr et pu'l:nt - i2'c 23l ci

=02 kL unsigned B-hit, = 1 {0 - 255}

=03 k2 insi B-hit = 1/16 (0 - 15.9375)

=04 k3 unsigned B-bit, Lsbit = 1/32 (0 - 7.96875)

=05 iband inzigned B-bit, Lshit = 1/16°C {D - 3.9375°C)H

=06 Feed_forw MsE, signed 16-bit (-32768 - 3Z2TE7)

=07 Feed_fors LEB

=08 Test_T M‘ihﬁs-ﬂ bits3-0 contain bits 1]. B of Test T

x0% Test T Bits7-0 of Test T, Lshit = 1/16°C (-L28"C - +127.9375°C)
x0a ph_term R M5B, 51grs|:1f I6-big

=08 ph_term RO L5SB

=x0C dh_term RO M5B, signed L6-big

o] 1h_t=rr|| R LSE

x0E pi_doy RO Unsigned char

x0F cav_magine bits4-0, Lsbit = 1/2°C {0 - 15.5°C)

=L} LLW Loop b ET zout

=11 LLA_Loop bitT :out

=12 PRI _Loop BitTiout .

=213 PRI _Loap bitT:iout B

=ld COR_Loop bitT:out £ 1°cl

=15 SUP_Loop bitT:iout [ 1°C]

=16 alam_ena T 2:PR1, 1: :
=217 alarm_now A0 all 7: 'LL 2:pPl, 1: :
=IE alarm_wasx R all T:Gac, &:LPS, 5: LLll iz l.L'H I:PrZ, 2:PRl, l:TRE, D:CAW
=19 cycle_cnt RC mmber of tmperature measurenent qncie:. after Tast read

=LA Not defined
%8 ot defined
=LC Mot defined
=Ip Not defined
=LE Mot defined
%IF Not defined

BEEEEE

%20 - %3IF set of the same parameters for Secondary Loop
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Power-0n default values for Loop Control:

=00

Xz

=03
x4

=05 i

x06
x07

Loop Control param
automatic control

pi_dcv
cav_margin
LW Lo
LLR_Loop

P L
e
COR_Loap
SUP_Loap
alarm_ens
alarm_now
alarm_was
cycle_cnt
Mot detined
Mot defined
Hot defined
Hot defined
Hot defined
Hot defined

range=0, FG=1, test=0, pi_enable=0
i

o

16 16

10 1.0
10 0.5
=10 1'C

1]

1]

1] .a'c

L]

de on Ptl_P
depend on PHRL_P
1]

(1]

i oit PHEL_P
e o
Ox20 s

-31'c, enahle<l,
0x20 -31°c, enable=D,
02 -4'c, enable=0,
O 2 -4°C, enable=d,
0x20 -3I1°C, enable=d,
20 -31°C, enable={,
IxFF ATl alarms are enabled
depend on PHIL_P - PHIO_P
depend on PHOLP - PrlE_P
# of cycles after power-on (modulo 256)

=]

out=0
put=0
out=0
put=0
oart=0
prt =0

- #3IF set of the corresponding parameters for Secondary Loop

eters are the settings and monitoring values which provide

aver:

1. Accumulator Heaters and Peltiers

2. Liguid Line Hea
3. Preheaters
4. Cold orbit Heat

1th Heaters

ers

5. Sgart-up Heaters

6. alarms (health

TTCE measures t:ug
every cycle = 0

guards}

eratures and evaluates new settings for P and ONSOFF control

6432 soconds.

Primary Loop Parameters x00-x0 (x20-x2E ftor Secondary Loop)d are used in accumilator

temperature FI reg

Primary Loop Parameters x10-x1%
Toop control for Liguid Line Hea

Cold orbit Heater

Primary Loop Parameters x0F, x16-x18 (x2F, x36-x33 for Secondary Loop) are used

for Alarms control

ulation.

{130 -x35 for ier\oﬂdnr
th Heaters (LLW &

(CORY , Start-up Heater (SUFR).

Lid,

Laop) are used in ON.-"CIFF

Preheaters (PRI &

PR2]
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wi_enable if pi_enmable = 1 then pi_dcv is used for Accumulator/Peltier Past
control else DOV_GAC. DOV_FAC. DOV_TEC are used.

st if test = 1 then Test Temperature valuoe is substituted instead
of measured temperature POl

Fia if FG = L then Flight Accimulator Control (FAC) Heater
will be used elie Grownd Testing Accumulator Control (GAC)
Heater will be wused.

heat g’: ﬂ::& ;Il-utx'ltﬂ‘rmﬁ]ﬁtﬂ Du:sm'l [FAC or GAC) Heater will
range P-tarm Tineare range (0: +£3.9375°C, 2: £1.9375°C . 1: «0.8375°C)
Set_poink actumuilator set point, bits5-0, Lshit=1"c (-32°C - +31°C)

k1l proportional term coefficient (0 - 255)

k2 integral term coefficient, Lshit=L1/16 {0 - 15.9375)

k3 peltier coefficient, Lshit=1/32 (0 - 7.96875)

iBamd If the t rature is in the range Set_point = iband

and pi_enable=1l then the error is 1nt:—grltﬂi elsa
i_term = 0. L5hit = 1/16°C (0 - 3.9375°C)

Feed_foiw conatant term to compensate known heat Teak (-32768 - 12767}

Test T the temperature shich 45 used in test mode (test=13
signed 12-bit, LShit = 1/16°C (-178°C - «127.9375°C),

ph_torm proporticnal ters divided twa, ph_term = p_temt 2
signed 16-bit (-32768 - 327TG7T)
ib_term integral term divided by two, ih_term = i_temt/?

signed 16-bit (-33768 - 32TGT),

pi_dcw duty cycle value which is used for P‘I-I contral of
Accumulator Heater (0-240, Mat-lg
Peltier (0-127, heat=0} iFf pi_ensble=1

cav_margin llll1'r1u1.ll a‘.I'Fnla.b e differance between Accumulator Set_point and |
:m:mtur: (PE02Y. There is cavitation alarm (Cav) if
5Et pmn'l: - 2 4 cav_margin

LiwW_enable enable Liguid Line wak heater {LLwW) loop control
Liw_sat_point LLw loop control set point (-32°C - 31"C)

LLW_nit LLW Toop control output,
if (LW set_point > PHE) Liw out = 1; else LLW but =
If Liw out = 1 and Liw loop i inatiTed (Liw_snable = IE”
there i3 no active AW alarm (Lis_alarm_act = 0) and there is no
active Cavitation alarm (CavV_alarm_act = 0} then Liw heater is ON.

LLE_enable enable Liguid Line RAM heater {LLR} Toop control
LLE. set_point LLR Toop conrol set point (-32°cC - 31°'C)

LLR_owit LLA loop control output,
if {LLR_set _point = PEI6E) LLE out = 1; else LLR out = 0
If LR out = 1 and LR loop i% anabled (LLR_enable = 1) and
there is ne active LLR alarm {LLRE_alarm_act = ) and there is ma
active Cavitation alarm (CAV_alarm_act = 0} then LLR heater 1% oM.

FRL_enable enable Preheater 1 (PRLY Toop control
PRl _set_point PRL loop conrol set point {(-4°C - 3.875°C)

PRI _out PRL Toop control output,
if (Set_point + PRL tet_point » Ptid]) PRl out = .1.' else P‘Itl cat = 0
It FRLnut = 1 and PRI Toop is anabled {P‘R.L_:nu 2 - IL
there 92 no active PRLI alarm {(PR1_alarm_act = O} and there iz ma
active Cavitation alarm (Cav_alarm_act = 03 and there i3 mo active
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Alarms definitiong:

if (set_point « PEOZ & :nv_nlrlainj cav_afarm_mow = 1% else cav_alarm_now = Of
if (ptOd > 20°C || Pe05 > 20°C |

P04 « -20°C || PEO5S < -20°C') TRE_alarm_now = 1; elie TRE alarm_now = OF
ifF [(PtD4 = 35°CH PRI _alarm_now = 1: alse PRL_alarm_ndw = 0
if (P05 » 35°C)H PRZ_alarm_now = 1; else PRZ alarm_now = 0
iF [(PEO% = 35°C) Liw_alarm_now = 1 alse Liw_ alarm_now = 0F
if fP‘tDE » 35°C) LiR_alarm_now = L alse LLR alarm_now = 0;
if |;| Speed -t 2400rpn) Lsf_alarm_now = 1: alse ESP_ alarm_now = 0F
if I,'P‘tD » 457 GAC _aTarm_now = 1: alise GAC_alarm_iow = 0

Alarms actions:

oo alarm_ now

1 && o alarm_ena == 1) 00 alarm act = 1: else xoo_alarm_act = Of

if (Cav_alarm act == 1 && Set_point < 25°C) Set_point = MIN(PHO? + cav_magin, 25°C):
'EE [EA'I'_A}EHH_!I:I - 1} {LLW OFF; LLR OFF; PRL OFF; PRZ OFF; COR OFF: SUP OFF;}
& BCE ==
}F mﬂ‘ll%ltt == 13 PRl OFF;
if [(PRZ_alarm_act == 1) PR2Z OFF:
iF (Law_alarm_ act == 1) LLW DFF'
if (LiR_alarm act == 1} LLR OFF
iF (LPs_alarm_act == 1) {PR1 I:IFF PR2Z OFF; COR OFF: SUP OFF; TEC_DOW={;}
if (GaC_alarm act == 1) GAC OFF;

ON/OFF Toop control formulas (executed every cycle = 0.766432 seconds):

L1 LiW_set_point » FEO%) LLw_owt s else LW out = 03
if LLE_set_point » PLOE) LLA_out ; else LLR out = 0;
if (Set_point « PRL set _point » P04} PRL out : else PRLout = O:
if I,'Ee'r,_puir:r & PR2 ::'I:_pnml: » FEO5) PRZ_out ; else PRZ_out = 0;
if COR_set_point » PEO2) COR_out i else COR_out = O;
if f SUP_set_point » PEO4) SUP_out ; elde SIP_put = 0;

accumulator PT regulation formulas (executed every cycle = D.786432 seconds):
error_T = Set_point - measured_Ti // Lshit = L/16°C. (+3.9375°C)
abs_error T = aBS{error_T): J/ (0 - 3.9375°C)

if Cabs_error T « iband) in_iband = 1; else in_iband = O

if Cerror_T = 0.9375°C &% range
elseif (error_T «-0.9375°C &% range

i - = 1i}
5 - ferror T =-{.03 = 1:}
elseif Cerror_T » 1.9375°C &% range == 2} ferror_T = 1.93 = 1:}
elseif [error T «-1.9375°C && range == I} {ferror T =-1.9 = 1:}
elseif (error_T > 3.9375°C) ferror T = 3.9 = 1:}
elseif (error_T «-3.9375°C) ferror T =-3.0 = 1:}

else fhig p err = 0 big n_ert = 03}
pterm = 4 * g * Kl * grror_T; f/(=64260), R=4 if range=1, R=2 §f range=2, else R=1l

if (in_iband = 1 & efable = 13
i_term = J_term « K216 * efror T else i_term = 03 J) (£65535)

pi_val = p_term +« i_term « Feed_forw: /7 (65535}

if [pi_val »= 0) heat = 1; p'i_lb: = pi_val: else heat = 0] p'i_-b:- = -pid_wal;

pi_tec = K3 32,256 pi_abat /7 (0 - 2047)

wi_heat = SORT(pi_absl: AP0 - 255)  sgrt to compensate Fact that P~ U * U

if (pi_tec » 127 || big_n_orr == 1) pi_tec = 127: /f vimit to 13.7v

if (pi_heat = 240 || big p_err == 1) pi_heat = 2405 // PwM works unstable if DC » 955
if (heat == 1) pi_dcv = pi_heat; else pi_dov = pi_tec:



